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I. INTRODUCTION
A. SCOPE OF THE REVIEW

Double resonance refers to the general type of spec-
troscopic experiment in which a system is simultane-
ously irradiated at two different frequencies. Only
nuclear magnetic double resonance is considered in this
review. In a nuclear magnetic double resonance ex-
periment, transitions between the energy levels of a
nuclear spin system in a magnetic field are studied in
the presence of two oscillatory radio-frequency fields.
Other types of double resonance experiments, such as
simultaneous nuclear and electron spin resonance, are
outside the scope of the review. The discussion is
further limited to high-resolution studies with liquids.
Studies on gases and solids, and the use of pulse and
transient techniques are not considered in the review.

B. DEVELOPMENT OF THE FIELD

The double resonance technique was first suggested
by Bloch (19). Bloom and Shoolery (22) gave an ap-
proximate theoretical treatment for the case of two
nuclei of spin 1/2 each, and showed that the theory de-
scribed the main features of the double resonance spec-
trum of F!® and P®! in Na,PO;F. A full description of
the effect of double resonance on a general spin system
was given by Bloch (20). Anderson (8) then applied
double resonance techniques to determine the strength
of an oscillatory field as suggested by Bloch (20). He
further verified that the technique could be used to
collapse the multiplet structure arising from the cou-
pling of the spins of protons which differ in chemical
shift.

Nuclear magnetic double resonance has had widest
application as an aid in the analysis of n.m.r. spectra.
In the limit of a large amplitude for one of the oscilla-
tory fields, the multiplet structure arising from the
coupling of certain nuclei can be made to disappear (20),
and the spins of these nuclei are decoupled from the
remainder of the spin system. The complicating ef-
fects in n.m.r. spectra arising from the interactions of
nuclei with large spin quantum numbers and short
relaxation times can thus often be removed by double
resonance. Double resonance methods have also been
applied to the measurement of chemical shifts (84, 14,
102), and to the determination of the relative signs of
coupling constants (32, 56). The theory of double
resonance given in Section II of this review shows that
in addition to the above uses, there is a variety of other
applications of chemical interest for intermediate ampli-

tudes of the oscillatory fields. Some of these applica-
tions are reviewed in Sections IIT and V.

C. NOMENCLATURE

The nuclear magnetic double resonance experiment
is performed by applying a strong oscillatory field Hs, of
frequency w; near the resonance frequency of one type
of nucleus. Transitions of other nuclei in the spin
system then are studied with a weak oscillatory field,
H,, of frequency w;. The field H; is assumed to be
strong in the sense that 4;2H,2T,T, >> 1, and H, is weak
in the sense that vi2H*T:T» < 1 (67). In the following
theoretical development, nuclear spin systems will be
considered as AX, A;X, AB and so forth following the
usual convention (70). Where possible, the frequency
of the strong oscillatory field, w. is considered to be close
to the resonance frequency of nucleus X or B, while the
transitions of the A nucleus are studied with H;. A
convenient notation used in this review for describing
a double resonance experiment is: A-{X}, where the
frequency of the strong oscillatory field is close to the
resonance frequency of the nucleus in braces, while the
other nucleus is studied with the weak field, H;.

The term “decoupling” is used in this review to refer
only to the collapse of spin multiplets by nuclear mag-
netic double resonance. Other effects such as short
relaxation times or chemical exchange also cause the
collapse of spin multiplets when the rate of reorienta-
tion of the nuclear spin i appreciably greater than the
coupling constants between nuclei. These various
processes might be expected to be similar; the effect of
a double resonance experiment has been described as
“nuclear stirring”’ for example. However, the collapse
of multiplet structure in a double resonance experiment
has a different origin and terms such as “nuclear
stirring’”’ will not be used (2).

II. TeEORY oF DOUBLE RESONANCE

A. QUANTUM MECHANICAL ANALYSIS NEGLECTING
RELAXATION EFFECTS

1. The Hamiltonian in a Rotating Codrdinate System
(2, 12)

The nuclear spin system is assumed to be in a static
magnetic field, Hy = Hgk, which lies in the positive 2
direction. In addition, the spin system interacts with
the two fields H; and H,, which oscillate along the z
axis, where Hy = 2H, cos wifi and Hy, = 2H, cos wsfi.
It is assumed that each oscillating field can be deseribed
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as a pair of counter-rotating fields, and that only the
component rotating either with the frequency —uw;,
or —uy, is effective in inducing transitions. The error
involved in this procedure is negligible when the oscilla-
tory fields are small in comparison with the static
field (21, 79). In the nuclear magnetic double reso-
nance experiment, as in the usual high-resolution n.m.r.
experiment, the amplitudes of both the weak and strong
oscillatory fields are small in comparison with H,.
The nuclear spin system is thus assumed to lie in a
total magnetic field given by
H = Hk + (H; cos wit + H: co8 wof)i —
(Hy sin wit 4+ Hosin wit)j (1)

The Hamiltonian for a molecule in the liquid state in

the field H in the laboratory coérdinate system is

o= 30 4 () (2)
where
50 = > vali(i) + 3 JuI()-1() 3
i i<j

3(t) = D vaill«(i) cos wat — I,(i) sin wst] +

i

Z viill(i) cos wit — I,(i) sin wit] (4)

—viHo/27

—viH1 /2%

— ‘yi 2 4 . » . . .

maig]nfetogyrlc ratio of nuecleus i including the chemical
shift

spin-spin coupling constant between nucleii and j in c¢./s.

Yoi
V1i
V2
Yi

Jij

The Hamiltonian is given in units of cycles per second
(c./s.), and the summations are carried out over all the
spinsiand j in the molecule. In the laboratory system,
the Schrédinger equation is

oy = 2wl (3)

Since the Hamiltonian is time dependent, it is not
possible to obtain time-independent solutions to equa-
tion (5). However, the time-dependent terms in H,
can be removed if the Schrodinger equation is written
in a coérdinate system that rotates with angular
velocity —wk (22, 7). The operator for a finite rota-
tion —w.kt can be written:

w = exp (duwal ) (6)
If the wave function in the rotating cotrdinate system

is defined as ¥r = w4V, the Schrédinger equation can be
written in the rotating codrdinate system as (78)

i¥g = 27XR¥R (7
where
¥r = Hr® + Hr'(1) (8)
ser? = 20 Adi() + ; Til()-1G) + 22 eals(i) (9
7 < 7

HR(t) = D vull«(i) cos (w1 — wa)t — I,(i) sin (w1 — )]

1

(10)
A = (voi + w2/27)

In the rotating codérdinate system, the time depend-
ence of the Hamiltonian remains only in 3Cz’(t). If it
is assumed that 3Cg’(t) is small with respect to 3Cg°,
then the solution to equation (7) can be obtained using
first-order perturbation theory. The unperturbed
Hamiltonian 3¢x° can be solved for its stationary eigen-
values, Eg, and its normalized eigenfunctions, yr.

Hr%r = Eryr (1L

The time-dependent perturbation, to first order, then
gives the transition probability per unit time, Pj;, be-
tween states Yr; and yr;. The transition probability
per unit time is proportional to l<zl 3er’|j> |29 [(wr —
ws) — w] where w = 2x(ERr; — Egj), and the function
g indicates that the transition probability is large when
w; — wy 18 close to w. The relative intensities of the
resonances observed in the laboratory system are then
assumed (without theoretical justification) to be pro-
portional to these relative transition probabilities in
the rotating system (3). The frequency, wi/2m, at
which a transition is observed in the laboratory system
is given by

w1/27 = Eri — Er; + ws/27 (12)

The calculation of the frequencies and relative intensi-
ties of absorption for double resonance requires di-
agonalization of the Hamiltonian 3Cr° in the space of
an appropriate complete set of basis functions for the
spin system.

2. The AX System

The Hamiltonian in the rotating codrdinate system
for an AX molecule where the nuclei A and X both have
spin 1/2 is given by
3R = A.J(a) + AxlL(x) + JaxI(a)I(x) + vax(a) + vaxls(x)

(13)
where the subsecripts a and x on the terms 4, J, and v
refer to nuclei A and X, respectively. The spin-product
basis functions, and the diagonal matrix elements of
Jeg? are given in Table I.  The terms v, I(8), vexlx(x),
and the x and y parts of J.xI(a) I(x) give rise to off-
diagonal matrix elements of 3Cr°% The complete ma-
trix, 3Cg°, for the AX system is

JCru' /2 ¥ax /2 ¥2a 0

1/2 Vog JCRry® YVedax  1/2 2
1/2 024 Yedaxr  Hras® 1y vax

0 /2 v2a 1/s vax JCru®/

It is now assumed that ws/27 is close to vox, the reso-
nance frequency of nucleus X, and w;/27 is close t0 voa,
the resonance frequency of nucleus A. Furthermore,
for an AX system, it is assumed that v, is very different
from »ox. Thus, the term Ay will be very small, or
even zero if w./2m is exactly equal to the resonance
frequency of nucleus X. The term 4., however, is
large, since it equals the difference between w,/27 and
the resonance frequency of nucleus A.
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TaeLe 1 TasLe III
DiagonaL MATRIX ELEMENTS FOR THE AX SYSTEM ALLOWED TRANSITIONS FOR THE AX SYSTEM
Diagonal matrix elements, Relative
No (i) bi XRid Transition AER intensity
1 1344 4 Y/oAz + /oS ax 61 — Om
2 of s DT 13 =4a + Yam = 1) cog? ==
3 Ba _1/2Aa + 1/2Ax - 1/4.Jax
4 88 —/2As — oAz + Yiax 1—4 —da+ Y= m =1 ginz 9 = Om
. . 2—3 —Aq + Yolm + 1) sin? 0‘—_2—2’3
Off-diagonal elements of 3Cx° in v, and J.x connect
diagonal elements that differ in energy by about A.,. 94 Ay 4+ Ys(—m 4 1) cos? 2 5 O

Since 4, is large, these off-diagonal elements can be
neglected. The off-diagonal elements in v,;, however,
connect diagonal elements differing in energy by only
A;, so that these off-diagonal elements must be con-
sidered. With these approximations, the secular de-
terminant becomes

?ano —Er 1/ Uzox B 8 8

2 V2 Hr2n' — Ep -

0o 0 Hrs® — Er  1/s vax =0 (14)
0 0 1/s vex Hra’ — ER

The eigenvalues, Er;, and the eigenvectors, yg;, are
given in Table II, where the notation (12, 14) has
been introduced

U= [(Az + o Jax)? + 02712 (15)
m = [(Ax — /s Jax)? + va:2]V2 (16)
61 = cos™! (Ax + 13 Jax)/1 17
bm = c08~1 (Ax — /s Jax)/m (18)

Since only resonances close to the resonance frequency
of nucleus A are studied with the weak field H;, the
relative intensities of the observed transitions will be
proportional to terms of the type | < ¢Ri| I x(a,)| ¢R5>] 2,
The relative intensities and AE g values for the allowed
transitions are given in Table III. The resonance
frequencies of the allowed transitions, w;/2x, are found
from the AEg values from equation (12).

TasLe II
E1GENVALUES AND EIGENVECTORS FOR THE AX SYSTEM

No (i) EigenvaluesERi Eigenvectors, YRi
01 . &0

1 1/24a + 1/l - cos 3 ¢ + sin 5 ¢
! 6,

2 1/2Aa - 1/2Z sin 5 [5)] + CO8 2— 2

w

—~1/A4, 4+ 1/om —co8 %‘ $3 + sin QZE o

4 —1/A, — 1/om sin '229 ¢s + cos %m b4

As in the normal high-resolution n.m.r. experiment,
double resonance spectra usually are recorded by chang-
ing H, with a constant value of w;. Using the defini-
tions of A., Ax, m, and I, and replacing H, by H, --
AH,, equation (12), for transition (1—3), for example,
becomes

AHy = =1/ ;I:(Ax - E AHy — /2 J) + szz]l/z -

[(A, — 22 o+ 340 + vzx2:|l/2$ (19)

where AH, is given in cycles per second. For the

special case when Ay is equal to zero, this equation can

be readily solved for AH,

47521)2x2 + Jz('}'az - 'sz)El/Z
4("/32 - ‘sz)

AHy = %= ; (20)

This result is equivalent to that given by Bloom and
Shoolery (22) for “case 2"’ in which wy, = v<Ho, w; is fixed
at vaHo, and the spectrum is recorded by changing the
static magnetic field.

Freeman and Whiffen (33) have given a convenient
schematic representation of the calculated lines in the
A part of an AX spectrum when w; is near the X reso-
nance frequency, and the spectra are obtained by vary-
ing either Hy or w;. The spectra calculated for field and
frequency sweep conditions with various values of Ay,
and with v, = Y2/ are shown in Figure 1. These
calculated spectra are compared with the double reso-
nance spectra of the AX system dichloroacetaldehyde.
The excellent agreement of the observed and caleulated
double resonance spectra indicates that for this system
the elementary theory is a good description of the
double resonance process.

o ! Ot 024 034 0 4J Y o-0J 1o I8y 204
| by
| ' ' I‘I ! : . ‘
! ! v ,; L i
O L 9 : . I it
c . iL_ N Y AL 0 W I S Y ) N S ”\1_ b lL"._
‘ !
|
I |
i

Itl M | | HJ

064 o8 104 [ s 204 ‘1
L]

)
i K i vl Pt !
i i

" JR T N UL IR O
“p,_d;h__/‘:("__/l 'P*—‘ \',_\__llrlg_f\“?’v\_/}’}'\{_/ ‘\'I;,_J. e

A L

Fig. 1.—The A resonance of the AX system dichloroacetalde-
hyde for various values of 4z in units of Jax, with vex = 1/Jax.
The calculated and observed spectra are shown for (a) the field-
sweep method, and (b) the frequency-sweep method (33).
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3. The A3X System (12)

The system A;X is assumed to include a nucleus X of
spin 1, and three equivalent nuclei of spin 1/2, where
the resonance frequencies of nuclei A and X are quite
different. The Hamiltonian for this molecule in the
rotating codrdinate system is

3 3
et = Y Ad(i) + A:du(x) + D, Jud(i)I(x) +
i=1 i=1

3

S Jel(D)-1(5) + vaal=(1) + valx(x) (21)
{<i i=1

where the summations are over the three equivalent A

nuclei.
It is readily shown that the term Y, J.IG)-I(j)
i<ij

commutes with 3Cg¢, and with the x component of the
total nuclear moment. Thus the double resonance
spectrum will not depend on terms in the coupling be-
tween the equivalent nuclei. These accordingly can
be omitted from the total Hamiltonian, If the total
angular momentum of the equivalent nuclei is given by

K(a) = Z 1(1) (22)

as first suggested by Hahn and Maxwell (37), and
Gutowsky, McCall, and Slichter (36), then

[%e%K? =0 (23)
Thus the matrix elements of 3¢g° can be written in a
set of basis functions of the type | K, mx, mx>, follow-
ing the procedure of Waugh and Dobbs (105). The
Hamiltonian then can be written
3 = A.Ki(a) + AxL(x) + JuxK(a)-I(x) +

UZaKx(a) + U2xIx(x) (24)

Since the z component of the total spin angular momen-
tum F, does not commute with 3Cg? the secular de-
terminant does not factor in the usual way (68).

It is again assumed that w:/27 is close to v.x, and
wi/27 is close 1o v,s. Thus as in the AX case, A, will
be zero, or very small, while A, is large. The terms
veKx(a) and Jux[Ks(a)ls(a) + Ky(a)y(a)] connect
diagonal elements separated by about A., and thus
can be neglected. Off-diagonal elements arising from
the term v:.Jx(x), however, connect diagonal elements
differing by only A,, and must be considered. With
these simplifications the Hamiltonian becomes

g = AnKz(a) + Asz(x) + Jasz(a)Iz(x) + szlx(x) (25)
Tt is also clear that for this Hamiltonian
[3¢r%, K,] =0 (26)

so that there will be no off-diagonal elements of 3Cr°
between basis functions corresponding to different
values of K,. The diagonalization of the Hamiltonian
thus requires the solution of three-by-three determi-
nants.

The basis functions of the type IK, myx, Mmg> and

the diagonal elements of 3Cg° are given in Table IV.
In the approximation that off-diagonal elements in
Jax and v, can be neglected, the only off-diagonal ele-
ments of 3Cx° arise from the term vyJx(x) in equation
(25). The only states connected by Ii(x) are those
with my equal to (1) and (0); and (0) and (—1),
for a given mx. The magnitude of these elements is
(V2/2)ves. A typical three-by-three block of the
secular determinant is

Hru® — Er (V2/2)025 0 _
(v2/2)02x HXry® — Er (V2/2)ex | = 0 (27)
0 (V2/2)vsx Hrs® — Er

TaBLe IV

DiagoNaL MATRIX ELEMENTS FOR A3 X MOLECULE

Basis Function ¢i Diagonal elements

No. (K, my, mx) Krii ER
K =3/2,wt, =1
1 .3/2 3/2 1 504 + Ax + 3/edax 8/3Aa + 1
2 0 ¢/rda /24,
3 -1 3/ZA& - Ax - 3/2Jax 3/2Aa -1
4 /2 1 Yeda + Az + YoJux ada +m
5 0 ! 2Aa ZAB
6 -1 I/ZAa_Ax-"l/ZJax I/ZAa_m
7 =1/2 1 =1fpAs+ Az~ YJux  —Ydat+n
8 0 '—1/2 a —'1/2Aa
9 ~1 =4y — Ax+ YiJax  —Yda—n
10 =3/2 1 =354, + Ax — 3/oJax ~3/4. + 0
11 0 _a/ZAa —a/ZAa
12 -1 _3/2Aa - Ax + 8/2!’&: —3/2Aa -0
K =1/2, wt. =2
13 1/2 1/2 1 1/2Aa + Ax + 1/2']&x I/ZAa + m
14 0 1/sA, /24,
15 -1 1/2A5 bl Ax - 1/2J“ 1/2A5 -m
16 _1/2 1 _1/2A5+Ax_ 1/2J'ax _1/2Aa+n
17 0 =154, —=1/,4,
18 -1 _1/2Aa - Ax + 1/2-]9,: _1/2Aa -n

The solution of this determinant yields the values of
Eg given in Table IV, where

U = [(Azx + 3/ Jux)® + v2:*]Y2 (28)
m = [(Az + /o Jax)? + 02:%]"2 (29)
n = [(Az = V2 Jux)® + 02?1 (30)
0 = [(Ax — */2 Jax)? + 02?2 (31)

The eigenfunctions for the first block in the secular
equation can be written

YR = Y2 (1 + o8 )¢ — Y3/, sin e +
Y/ (1 — cosfr)ps (32)

Yre = —1/yzsin fipy — cos fige + 1/ vz 8in b1 (33)

Yrs = 12 (1 — cos 61)¢s + V2 sin i +
/5 (1 4 cos 61)ps  (34)

where
01 = cos1 (Az + /2 Jax)/l (35)
fm = c0o87! (Ax + Y2 Jax)/m (36)
Bn = cos~l (Ax — /2 Jax)/n (37)
8 = cos~t(Ax — 3/s Jax)/o (38)

The eigenfunctions for the other blocks in the secular
equation will be similar functions in the angles 6y, 6.,
and 6,. Since only transitions close to the resonance
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frequency of the A nuclei are being studied, only those
transitions are allowed for which Amx = =1. The
transition probabilities are proportional to terms of the

type

| <yri(01) | (Kx(a) | ¥ri(0m)> |2

There will be in general nine allowed transitions for
each pair of my values. The relative intensities and
the AEr values for the allowed transitions of the type

= 3/2—>myx = 1/2 are given in Table V. The
values of AER for transitions of the type myx = 1/2 —
me = —1/2 and mx = —1/2-m, = —3/2 are ob-
tained by replacing m and [ in Table V by the other ap-
propriate constants n and 0. The relative intensities
of transitions of the type mx = 1/2—myx = —1/2 are
obtained by multiplying the relative intensities given
in Table V by 2 and replacing 6., and 6, by 6, and 6,
respectively. The relative intensities for the my =
—1/2—my = —3/2 transitions are obtained by replacing
fm and 6, in Table V by 6, and 6y, respectively. The
frequencies of the allowed transitions in the laboratory
codrdinate system are found from the AFg values
using equation (12).

TaBLE V
ALLowEDp TRANSITIONS FOR THE A3;X SPECIES
R = 3/2,
mg = 3/2—»mg = 1/2 Relative

Transition AER intensity

1—-4 —A;+m -1 /01 4 cos (8 — 6,]2

1—5 —Ax - 1/, 8in? (6 — 6

1—6 —Azy —m ~1 /s[1 — cos (8m — 6))12

2~>4 —Ax+m 1/, 8in2 (6, — )

2—5 —Ax co0s? (0 — 61)

2—6 —Ax—m 1/y gin? (6 — 6

3—4 ~Ax+m+1 /41 — cos (Gm — )

3—5 —Ax +1 1/, 8in? (B ~

36 —Ax —m+1 1/4[1 + cos (Bm — )]

If the double resonance spectrum is recorded by
changing the static magnetic field with a constant value
of w;, the values of AH, at which the transitions occur
can be calculated from equation (12) by using the
definitions of Ax, A., I, m, n, 0, and replacing H, by
H, + AH, For transition 1—4 of the type mx =
3/2~»myx = 1/2, equation (12) becomes

AHy = — [(A, — 22 AH, + 1/ T + wx] +
[(Ax — 22 AH, + s T + v :[1’ ' (39)

where AH, is in cycles per second. The solution of
equation (39) for AH, is similar to the solution of equa-
tion (19) if A, is equal to zero. When A, is not equal
to zero, and vx/+vs. is much less than one, the solution of
equation (39) can be effected by an iterative procedure.

4. A Single Nucleus of Spin 1/2

The effect of irradiating at two different frequencies

a molecule containing a single nucleus of spin 1/2 has
been described by Bloch (20) and Anderson (8).
From equation (9), the Hamiltonian for a single nucleus
A of spin 1/2 in the rotating codrdinate system is

= A.l(a) + vals(a) (40)
where the subscript a refers to nucleus A. The matrix
elements of 3Cgr® are easily given in the set of basis
functions « and 8 for the nuclear spin. The secular
determinant for this case is

i~ ® Liog] -0 @

The solution of this determinant gives
Er = =£1/s [As? + 02422 (42)
AER = —[A.? + va,?]2 (43)

The probability of transition between two states
¥R, and ¢g; induced by the time-dependent perturba-
tion 3Cx’(t) is appreciable when (88)

—
27
When AEg; is large, only the positive sign in equation
(44) leads to resonances in the region where w;/27 ~
oa in the laboratory system. However, when AEg;
is very small, both the positive and negative signs in
equation (44) lead to resonances in a region of interest,
Thus if wy/27 ~ vos, then AEg;; is small, and from
equations (43) and (44) for a single spin 4

) + vos :l " (45)

If the resonances are observed by changing the mag-
netic field with fixed values of w; and w, two resonances
will be observed when | (w1 — ws)/27| > | vz

The relative intensities and line widths of the two
resonances have been derived by Anderson (8) from
the Bloch phenomenological equations (18), and by
Bloch (20) starting with the general density matrix
description of the spin system. For a single spin of
1/2 the two methods are equivalent (104).

It is important to note that the resonance obtained
at a value of w;/27 calculated with the positive sign in
equation (45) appears “below the line.” The intensity
of this resonance is opposite in sign to the intensity of
the usual absorption mode signal. Double resonance
spectra for the protons in water at various values of
{w1 — wy)/2m are shown in Figure 2.

If the weak radio frequency field H; is obtained by
modulation of Hy at an audio-frequency ' = w; — ws,
the resonance condition of the sideband is given by

®)
w'\?
(5 - (o
Equation (46) is satisfied for two values of v., providing
/27| > |oul

@'\ ? VA wz
Voa = £ [(ﬂ) - Uh’] ~ 5. 47

ABgy; = = & (44

2)" + o (46)
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16 cpa

Fig. 2—Double resonance spectra of protons in water at vari-
ous values of (w; — @3)/2w. The spacing of the two signals is
given by D = 9 tea — 0 ea (see Section ITI-B-1) (8).

From these results it is evident that the usual method of
calibrating n.m.r. spectra with audio-frequency side-
bands will give erroneous results for small values of
w'/27 or large values of v.. (24, 102, 30, 33). Chemical
shifts measured by double resonance methods also must
be corrected for this effect (30).

5. The AB Sysiem

An AB system is defined as a set of nuclear spins for
which the difference in the A and B resonance fre-
quencies, voa — Vob is comparable to Jab, V24, OF vap. It
is important to note that in a double resonance experi-
ment, v;, and vg, are often far larger than J.,. Hence, a
system that could be treated in the AX approximation
for a usual high-resolution n.m.r. experiment might still
have #,s — %o, comparable to vy, or v in a double
resonance experiment. The results for the AX treat-
ment thus can be applied only with considerable cau-
tion to double resonance experiments which involve
nuclei of the same kind differing only in chemical shift
(30, 33, 59).

The Hamiltonian for an AB molecule, where nuclei
A and B both have spin 1/2, is similar to that for the
AX system given in equation (3), where the subscript

x is replaced by b. The complete matrix of the
Hamiltonian is

563110 !/2 Vap 1/2 Vga 0

/s vap FCrez? /s Jab L2 v2a

/2 v2a :f 2 Jab ;’f?ms“ lH/z Vzb
2 Vog 2 Uzp R4a®

Since v, and v, are nearly equal for an AB system,
both A, and Ay, will be small. Thus, off-diagonal ele-
ments in vz, s, and Ju, must be considered. The
secular determinant, then, is not factorable as in the
AX case.

For the AB case, all six transitions are allowed be-
tween the stationary solutions Er in the rotating co-
ordinate system. In addition, since w; will be very
close to ws, all the AER values will be small, and both
signs in equation (44) must be considered in calculating
the resonance frequencies in the laboratory system.
Six positive and six negative signals are possible in
either fixed field or fixed frequency experiments.

B. NUCLEAR OVERHAUSER EFFECTS

The relative intensities of transitions in a double
resonance experiment depend not only on the relative
transition probabilities between the stationary states of
the system, but also on the population distribution
among the states. In general, even the populations of
states that are not directly affected by the strong field
H, deviate from the value corresponding to thermal
equilibrium in the absence of H,. This general Over-
hauser (64) effect depends on the various relaxation
processes between the stationary states of the system,
and represents the readjustment of all the populations
to new stationary values in the presence of H,.

The effects of various relaxation processes on the
population distribution in a system of two spins of 1/2
each have been described by Abragam (1). Solomon
(97) and Solomon and Bloembergen (98) have de-
scribed the nuclear Overhauser effect for an AX system
where both nuclei have spin 1/2. The energy level
diagram for an AX system where the magnetogyric
ratios of both nuclei are positive and spin—spin coupling
can be neglected is shown in Figure 3. The four un-
perturbed states are described as ae, of, e, and 88 in

N
& \F'B 1
Py - AEp

: op Nog
pl PZ //
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Fig. 3.—Energy level diagram for an AX system where the
magnetogyric ratios of both nuclei are positive and spin-spin
coupling is neglected.
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the nuclear spins, the energy difference between states
differing in the spin of nucleus X is AE,, and the energy
difference between states differing in the spin of nucleus
A is AE,s. The constants po, p1, p1', and p. are the
transition probabilities between the eigenstates of the
AX system. The populations of the various states
are given by Neag Nag, Nga, and Ngs. The rates of
change of the populations of the various energy levels
in the presence of H, can be written in terms of the
transition probabilities between the various states and
the amplitude of H; (1). The steady-state solution of
the resulting set of differential equations gives the sta-
tionary populations of the states in the presence of H.,.

In the absence of H,, population differences N,, —
Ng, and N,; — Ngg are proportional to the thermal
equilibrium Boltzman factor, AF,/kT, or simply
¢o. If it is assumed that the X transitions of the AX sys-
tem are saturated by irradiation with H; at about the X
resonance frequency, then N,, = N,sand Ng, = Ngs.
If the relaxation mechanism p, predominates, then
N.o — Ny, and N,z — Ngg will be proportional to the
Boltzman factor ¢ + €. If the Overhauser enhance-
ment factor is defined as (¢ — ay)/ay where ay = signal
intensity without double resonance and ¢ = signal
intensity with double resonance, then the enhancement
factor for the above example is simply e/e.. If 2o
is the predominant relaxation mechanism, then the en-
hancement factor is —ex/es. Thus, if |e| > |e|, the
resonance will be inverted.

If the magnetogyric ratio of nucleus A is positive,
while that of X is negative, then the energy level dia-
gram appears as in Figure 4. For this case, if p, pre-

o \N@d
/ d':—\\— N AEA
) ac
p1 po /
/ P2
o g X AEy
. . e /
f
‘b Nog

Fig. 4.—Energy level diagram for an AX system where the
magnetogyric ratio of A is positive and the magnetogyric ratio
of B is negative, and spin-spin coupling is neglected.

dominates, then the enhancement factor is —es/es,
while if p, predominates, the enhancement factor is
€x/ €.

A time-dependent interaction of the type I(a)-I(x)
contributes to p;. A rapid exchange of nuclei that in-
teract by the indirect coupling mechanism can thus lead
to a large value of p;. In the limit of very large p,, the
enhancement factor is —ez/ex if the magnetogyric
ratios are of the same sign, or e/e, if the magnetogyric
ratios are of opposite sign. The largest transition

probability arising from the usual dipole-dipole relaxa-
tion mechanism is p., if the spectral intensities of the
Brownian motion of the molecule in a liquid are as-
sumed to be independent of frequency. However,
since other transition probabilities compete with p.
for the dipole-dipole mechanism, the enhancement fac-
tor is only 1/2 e /e, if the magnetogyric ratios are of
the same sign, or —1/2 e/e if the magnetogyric
ratios are of opposite sign.

Steady-state nuclear Overhauser effects for the HF
system exhibiting all these features have been observed
by Solomon and Bloembergen (98). The enhancement
of the C8 resonances in C'¢ —~{H!} experiments has been
reported by Lauterbur (50).

C. DENSITY MATRIX TREATMENT

In the previous calculations, the assumption that the
relative intensities are proportional to

[<¢ri| D vuls(i)|yr>|2
i

was made without justification, and relaxation mech-
anisms were disregarded. Complete treatments of the
double resonance problem using the density matrix
formalism have been given by Bloch (20) and Tomita
(101). As in the work of Wangness and Bloch (104),
Bloch (20) assumes that the nuclear spin system is in
contact with the molecular system or lattice that is in
thermal equilibrium. The density matrix for the entire
system then is described as the statistical average of
the density matrix for the spin system over the lattice.
Bloch (20) further assumes that the molecular system
remains in thermal equilibrium, even though it is
coupled to the nuclear spin system which deviates
from thermal equilibrium because of the application of
H,. The time dependence of the density matrix arising
from H, is removed by a transformation to a rotating
codrdinate system analogous to equation (6). The
nuclear induction signal then is calculated from the
transformed density matrix for the spin system.

Abragam (4) has shown from a detailed theory of
double resonance that the line intensity is in fact pro-
portional to

| <y E vl =(i) | ¢ri> |2

if relaxation effects are neglected. The intensities of
the additional negative signals that appear when w; is
close to w. also can be calculated readily from the
density matrix treatment. If the density matrix for a
spin system in the rotating cotérdinate system is given
as the sum of a constant matrix p and a time dependent
matrix x, then the equation obeyed by x is

X afsendad + dloen'(8), x] + T00) = —ilden,e] (48)
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where I'(x) is a function that depends upon the relaxa-
tion Hamiltonian.
A solution of equation (48) of the form

<Ymi|x|¢Yr;> = ziieiw’t (49)

where w’/27 = Eg; — Eg; can be obtained by taking
the <¢R;| ] Yr,> matrix element of each term in equa-
tion (48). Following the notation of Abragam (4),
the signal intensities are then proportional to terms of
the type

| <¢m; Z vl (1) [¢ri> |2 (pi — pj)

where (p;i — p;) is the difference between diagonal ele-
ments of the constant matrix ».
A solution to equation (48) of the form

<ym;|x|dmr> = zje7t’ (50)

is also possible. In this case, the signal is proportional

to:
<ymi Z o= (i) [¢r;> |2 (p5 — p1)

Thus if «’ K w,, two signals corresponding to the i—j
transition will be observed in the laboratory system at
frequencies wi/27 = (w; £ ')/27. Since the sign of
the term (p; — p;) is different for the two solutions of
equation (48), the intensity of the signal at w;/27 =
(w2 + «)/27 will be opposite in sign to the signal at
w/27 = (w2 — w')/27. The relative intensity of these
two signals depends on the relative magnitude of
the matrix elements |<gbRi Z vy I—(i)lprj>|2 and
1

!<¢35[Z vii I-(i)|¥r;>|2 These matrix elements

will in general be different depending on the detailed
form of yg; and ¥z,

I1I. GENERAL APPLICATIONS
A. EFFECTS IN THE LIMIT OF LARGE AMPLITUDES OF Hj
1. Spin Decoupling

Nuclear magnetic double resonance has had widest
application as a spin-decoupling technique (8, 84, 93,
63). In the limit of large amplitudes of v, the spec-
trum of a nucleus A that is coupled to a second nucleus
X appears as a single line, rather than a multiplet.
Although the effect of double resonance appears to be
analogous to the effects of short relaxation times or
chemical exchange in collapsing spin multiplets (71)
these phenomena have quite different origins. The
spectra observed for intermediate values of Hy (22, 14,
33) are quite different from those observed when the
rate of reorientation of nucleus X by relaxation or
chemical exchange is comparable to J (71). The ele-
mentary theory given in Section II shows that for large
2z, the X nucleus is essentially quantized along the z
direction, while the A nucleus is quantized in the z di-

rection. Hence the term JI(a)'I(x) vanishes to
first order, resulting in the collapse of the spin multiplet
(74).

The description of the double resonance effect as
arising from the saturation of the resonance of the X
nucleus is improper (2). The condition for de-
coupling is vsx > J.x (assuming A, equals zero) which
is quite different from the condition for saturation of
the X nucleus, v2H2(T1T2)x > 1.

The relationship between saturation, ‘“‘nuclear stir-
ring,” and decoupling can be given approximately as
follows (50). For intermediate decoupling in an AX
system

J ax ™ Usx (51)
The minimum saturation of the X nucleus will occur

for the shortest (T1)x of interest, that which just allows
the coupling to be resolved. This condition is

2aax = 1/(T1)x (52)
The saturation parameter, Sy, is given by (67)
1
T T F w(T0x(To)s
Assuming (T1)x = (Th)x, and using equations (51), (52),
and (53)

So (53)

1

T 1 F 1/4n (34)

8o
Some saturation of nucleus X therefore accompanies
decoupling in most cases of interest. However, satura-
tion of nucleus X is only a side effect in the decoupling
process.
For nucleus X of spin 1/2, the probability for transi-
tions induced by H, at exact resonance is (67)

Py = 1/2 02:%(To)x (55)

From equations (51) and (52), and the assumption that
(To)x ~ (T)x
P; = 1/4mJax (56)

Thus the transition rate, Py, is considerably less than
the rate usually assumed necessary for the collapse of a
spin multiplet, Px ~ 27Ja.x. Again, the change in Py
due to H; is only a side effect in the decoupling process.

Complex spectra can be simplified by changing selec-
tively the relaxation times of certain nuclei in a coupled
spin system. This can be done, for example, with para-
magnetic ions in proper concentration. This tech-
nique has been used with particular success for the ex-
amination of the B! spectra of the boron hydrides
(54). The collapse of spin multiplets by the selective
variation of relaxation times is appropriately described
as “‘nuclear stirring.”

Spin decoupling is used in the analysis of spectra to
remove complicating effects of certain nuclei, and to es-
tablish the correct assignment of spin-spin couplings.
For nuclei with spin greater than 1/2, the possibility of



90 JoHN D. BALDESCHWIELER AND EpwaARD W. RANDALL

relaxation through the interaction of the nuclear quad-
rupole moment with the electric field gradient at the
nucleus often leads to very small values of T,. Spin
multiplets arising from interaction with the high-spin
nucleus are thus broadened. Decoupling the high-
spin nucleus removes the complications arising from
broadened spin-spin multiplets. Double resonance
has been used to effectively decouple nuclei such as
D2, N1 B! B! and Al¥ as an aid in the analysis of
proton resonance spectra (63, 93, 10, 65, 81, 62, 83).

Double resonance methods are also applicable in the
analysis of spectra for which the overlap of complex mul-
tiplet patterns causes ambiguities in assignment that
cannot be removed by computation. The proton spec-
trum of the ~CH,CHz— group of [CF;CH.CH,SiOCH;];
for example is reduced to a very tractable A;B, case
when the fluorine nuclei are decoupled (50). Freeman
(29) has illustrated the analysis of propionaldehyde
when the aldehydic protons are decoupled.

The correct assignment of spin—spin couplings can be
established by selectively decoupling given nuclei, and
noting the collapse of other spin multiplets. This
technique has been applied to nuclei with very different
magnetogyric ratios. The structure in the proton
spectrum of BsH, arising from coupling with the dif-
ferent boron nuclei was assigned by selectively de-
coupling the two different types of boron nuclei (93).
The assignment of the fine structure in 1-methyl-2-
pyridone by proton-proton decoupling has been illus-
trated by Turner (102).

2. The Measurement of Chemical Shifis by Double
Resonance

Double resonance methods can be used to measure
the Larmor frequency of a nucleus when an oscillator
for detecting the resonance of this nucleus is not avail-
able (48). This technique was first used by Royden
(84) to measure the C!8 resonance frequency in C'*H,I.
The double resonance method is particularly useful for
measuring chemical shifts of nuclei with small magneto-
gyric ratios, where the signal to noise ratio in most de-
tectors is very low (11). As can be seen from the
theoretical development in Section II, the double
resonance effect does not depend on the existence of a
population difference between the energy levels of the
nucleus being studied. The nucleus being studied by
double resonance, however, must be coupled to another
nucleus that is easy to detect by the usual methods.

The double resonance method was used by Anderson,
Pipkin, and Baird (7) in the determination of the rela-
tive magnetogyric ratios of N1¢ and N®. It has also
been shown (14) that by complete analysis of the inter-
mediate spin-decoupling case, the resonance frequen-
cies of N* and N in NH,* can be found to within
=+ 0.2 c./s. The sensitivity and accuracy of the meas-
urement of chemical shifts by double resonance de-

pends upon the details of the coupling, and the relaxa-
tion time of the nucleus whose shift is being measured.
Thus, the N chemical shift in pyridinium ion can be
measured to only = 1 p.p.m. by decoupling the N4
from the acid proton, and the N1¢ chemical shift in
pyridine can be measured to only = 10 p.p.m. by de-
coupling the N¢ from the a-protons (81).

It is also possible to use double resonance methods to
measure the chemical shifts of protons that are ob-
scured by overlapping features either from other pro-
tons in the same molecule, or by solvent resonances
(102, 26). The proton that is obscured must be coupled
to other protons whose resonances are observable.
Turner (102) has used the double resonance technique
to measure the chemical shifts of “hidden protons.”

Freeman (30, 33) and Baldeschwieler (14) have noted
that for the most accurate measurements of chemical
shifts by double resonance, »,; should be small, of the
order of J, and the spectrum should be obtained by
sweeping the magnetic field. The value of the chemi-
cal shift must then be obtained by analysis of the double
resonance spectrum. The measurement of proton
chemical shifts in dichloroacetaldehyde by double
resonance has been reported by Freeman (33) (see
Figure 1). The accurate measurement of the N
chemical shift in NH,* is illustrated in Figure 5 (14).

B. EFFECTS FOR INTERMEDIATE AMPLITUDES OF H,

1. Determination of the Amplitude of Hp

The determination of the amplitude of H; by observ-
ing the double resonance spectrum of a single nucleus
was first suggested by Bloch (20). Anderson (8) ap-
plied the technique using the proton spins of water.
From equation (47), there are two values of v.. for
which resonance occurs. These are given by

voa* = wa/27 k= [((e1 — w2)/27)? — t2a7]'/2 (57)

If D% = (0,a™ — v5a7)21s plotted against ((w; — we)/2m)2,
a straight line results that intersects the axis of ((w; —
we)/2m)% at ((w1 — w2)/27)2 = w2 = y2H /472 (8).
Thus Hs can be determined precisely.

The amplitude of H, also can be found by a complete
analysis of the spectrum for the case of intermediate
decoupling of two nuclei (14). The determination of H,
from the H-{ N} double resonance spectrum of N*¥H,+
has been given by Baldeschwieler (14). The observed
and calculated speetra of N¥H,* for various values of
H, are shown in Figure 6.

2. Effecis of Sweeping Magnetic Field

From equations (20) and (39) it is seen that sweeping
the magnetic field while w;, and w; remain constant in-
troduces considerable complication into the double
resonance spectrum. The terms v,/v. In equation
(39) cause almost a doubling of the number of separate
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Fig. 5,—Double resonance spectra of N"H,+ at 40.0 Mec./s.
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(14).
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Fig. 6.—Double resonance spectra of N¥H,* at 40.0 Mec./s.

obtained by the field-sweep method where Ax = 0.0 c./s. and
(a) vax = 13.1 ¢./s., and (b) vex = 39.1 c./s. (14).

lines observed in the spectrum of an A,X molecule.
Furthermore, when A, is not equal to zero, the spectrum
for an A,X molecule loses its symmetry about AH,
equal to zero (14). The change in symmetry with
change in A, or equivalently in ws, provides a very
precise technique for finding vox (14). The frequency
wp for which Ay equals zero thus can be found quickly
from the qualitative shape of the spectrum without
resorting to detailed calculation. When a value of
we has been located which gives a symmetric spectrum,
the procedure can be checked by recording the spectra at
several c./s. on each side of ws/27 = vox. These spectra
will be mirror images for an A, X system if wy/27 = vox
(14). Double resonance spectra of N“H,+ where An
equals —0.5, 0.0 and +0.5 c./s. are shown in Figure 5.

The effects of sweeping H, and w; are illustrated for
an AX system in Figure 1. From the spectra for a
frequency-sweep experiment it is apparent that a small
difference of Ax from zero can only be recognized as a
small splitting of the central line. The loss of sym-
metry and splitting of the central feature in a field
sweep experiment are apparent for smaller differences
of Ax from zero. Thus chemical shifts can be meas-
ured more accurately by the field-sweep technique. As
can be seen from equation (19), for large values of vex
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the difference between the double resonance spectra
observed by the two methods disappears.

There are, however, situations when the frequency-
sweep method has obvious advantages over the field-
sweep technique. If the spectrum of an A nucleus ex-
tends over a large frequency range, then only with a
frequency-sweep technique is it possible to observe all
of the A spectrum in decoupled form. When an AB
system is examined by double resonance, the interpre-
tation of the field-sweep experiment becomes very
complicated.

The special effects of sweeping magnetic field rather
than frequency are most pronounced when w; 3> w;.
For these cases, the ratio yz/v. is larger than one, and
equation (39) must be solved directly for AHy,. The
Cu-{F*¢} double resonance of CF;COOH is a striking
example of the effects of sweeping magnetic field where
vry Yos = 3.75 (50). The two C!3 resonances in
CF;COOH differ by 63 ppm. (49). Hence, with
w/27 equal to 85 Me./s., (w' — ws)/27 is equal to
2010 c./s., where w,’/27 is the frequency required to
decouple the F*® from the C*2 of the carboxyl group,
and wo/27 is the frequency required to decouple the
F1® from the C!* of the CF; group. Although the
fluorines are equivalent, (w.’ — wi)/27 equals 2010
c./s. and the fluorines must be separately decoupled
from the carbons of the CF; and COOH groups.
Depending on the ratio vs/v., the sweep rate, and
the relaxation times for the various nuclei, the effects
of rapid passage conditions on the signal shape may
require consideration.

From the effects of sweeping magnetic field, it is
possible to determine whether |w/2x| is larger or
smaller than lvoXI (14). The double resonance spec-
trum, however, is invariant with change in sign of vz as
well as with change in sign of J (13). Thus no informa-
tion on the absolute signs of magnetogyric ratios or
coupling constants can be obtained by this technique.
Shimizu and Fujiwara (92), however, have suggested
that the absolute signs of coupling constants can be
obtained from multiple resonance spectra if the com-
plete density matrix formulation including relaxation
effects is considered.

3. Relative Signs of Coupling Constants

Although the absolute signs of coupling constants
cannot be found by double resonance when relaxation
effects are neglected, information on the relative signs
of coupling constants can be obtained. When at least
three non-equivalent protons are coupled together, the
relative signs of the coupling constants can be found
from a double resonance experiment, even though the
spectrum is first order (32, 56). The relative signs of
the coupling constants in systems of at least three non-
equivalent nuclei can be obtained by the analysis of

the usual n.m.r. spectrum of the system only when the
spectrum contains second-order features (23).

The determination of the relative signs of the cou-
pling constants in a first order AMX spectrum by double
resonance has been given by Freeman (32). The spin
states of the three nuclei of spin 1/2 in an AMX system
corresponding to the theoretical twelve line spectrum
are shown in Table VI. For this example it is assumed
that all the coupling constants have the same sign.

TasLE VI

SpiN STATES OF NEIGEBORING NUCLEI FOR AMX SYSTEM WITH
THE S16Ns oF ALL CourLiNG CONSTANTS THE SAME

Origin of
transition X A M

Transition
no. 12 11 1
Spinstates A |a B «
ofneigh- M |a a 8
boring
nuclet

If it is possible to irradiate at a frequency wy/27
which is intermediate between the frequencies of the
transitions 7 and 8, and if ve, > Jax, lines 11 and 12
should coalesce, while lines 9 and 10 should be un-
affected. This process is equivalent to decoupling the
A and X nuclei only in those molecules that have
nucleus M in state a. If J.m and Jux were of opposite
sign, the o’s and #8’s in row M of column X or column A
should be interchanged. Irradiation with w./27 be-
tween lines 7 and 8 would cause the coalescence of
lines 9 and 10, if Jam and Jux were of opposite sign.
The analogous experiment can be applied to find the
relative signs of Jom and Jux.  If ws/27 lies between the
frequencies of lines 1 and 2, then lines 9 and 11 should
coalesce if J.n and J.x have like signs. Lines 10 and
12 will coalesce, however, if J., and J.x are of opposite
sign.

The success of this experiment depends on the possi-
bility of obtaining a field H, with ws/27 between transi-
tions 7 and 8, for example, without perturbing transi-
tions 5 and 6. Thus, s = v.H:/27 must be of the
order of J,x so that spins 4 and X can be decoupled.
Yet, vom = ymHy/27 must be small enough so that off-
diagonal elements in v, can be neglected in the matrix
of the Hamiltonian for the AMX system. With de-
creasing relative chemical shift between nucleus A and
M, increasing H,, and increasing values of J/.m, the off-
diagonal elements in vy, and J.n become more signifi-
cant. If these off-diagonal elements cannot be neglected,
the double resonance spectrum becomes considerably
more complex, as discussed for the AB case in Section
II. In the limit that these off-diagonal elements can
be neglected, the state of nucleus M can be considered
as independent of the double resonance experiment
between A and X, and the relative signs of J.m and
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Jmz can be found easily. The determination of the
relative signs of coupling constants in AMX systems
has been illustrated by Freeman (30).

4. Measurement of Small Relative Chemical Shifts

Small relative chemical shifts should give rise to
significant changes in the double resonance spectrum of
a spin system. The double resonance technique should
thus be useful for measuring chemical shifts and cou-
pling constants in molecules where the nuclei are nearly
equivalent. As shown in Section II, the double
resonance spectrum is independent of the coupling
constants between equivalent nuclei.

The changes in the A—{X} double resonance spec-
trum calculated for a tetrahedral A,X species (where
A and X are of spin 1/2) with small changes in
the chemical shift of one A nucleus are given in Figure

7 (14). In Figure 6b the double resonance spectrum of
A
A,=00
Vo £ 0.0
3 0 J
AH, ees,
B8
A, =00
V=391 \
L |
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Fig. 7.—Calculated double resonance spectra for an A;A’X
system where Jax = Jurx = 73.7 ¢./8.,, Jaa’ = 12,4 ¢./8., 6a'a =
2.0 c./8., Ax = 0.0 c./s., and (a) vax = 0.0 ¢./5,, and (b) vex =
39.1 c./8. (14).

an A.X molecule is shown with J.x = 73.7, vz = 39.1
and A: = 0.0 c./s. The spectrum for a C3, molecule,
AsA’X, with A’ 2 ¢./s. upfield from A, with J..' =
124, Jox = Jux = 73.7, v2x = 39.1 and A; = 0.0 ¢./s.
is shown in Figure 7b. The effect of a small change in
the A’ chemical shift on the double resonance spectrum
is striking. The normal high-resolution n.m.r. spec-
trum calculated for the distorted species is shown in
Figure 7a. The normal n.m.r. spectrum of the A
nuclei of the undistorted molecule is simply a pair of
lines separated by Ja.x. The double resonance tech-
nique thus has potential application to the study of
molecules where the resonances of nearly equivalent
nuclei eannot be resolved by usual n.m.r. methods.

5. Measurement of Reloxation Times and Exchange
Rates

The oceurrence of a nuclear Overhauser effect de-

pends on the relaxation mechanisms in a spin system.
Both the relaxation times and exchange rates in HF
have been determined from transient and steady-state
Overhauser effects (98). The line widths and intensi-
ties depend in a complex way on the relaxation times
of the various nuclei in a spin system as shown by
Bloch (20).

For nuclei with spin greater than 1/2, the most im-
portant relaxation mechanisms may occur through
interaction of the nuclear quadrupole moment with
electric field gradients at the nucleus. The effects of
quadrupole relaxation on the relative line widths of a
double resonance spectrum have been calculated (12).

IV. INSTRUMENTATION

A. NUCLEI WITH VERY DIFFERENT MAGNETOGYRIC
RATIOS

1. Locked Oscillator System

The second radio frequency field for H-{ N} double
resonance has been supplied with a locked oscillator
system (14). A block diagram of the system is shown
in Figure 8. The output of a General Radio 1211-B

GRI201 B GR1211 B i 500
POWER RADIO FREQUENCY > b
SUPPLY OSCILLATOR AMPLIFIER | To NMR
PROBE
& DB ATTN,
GRI213 D GRI20I B
PTHASTE R FREQUENCY [« POWER
DETECTO CALIBRATOR SUPPLY
H.P 201 CR
AUDIO
OSGILLATOR

HP521C

ELECTRONIC

COUNTER

Fig. 8.—Locked oscillator system for decoupling nuclei with very
different magnetogyric ratios.

Unit Oscillator is mixed with one of the 10 ke. harmonies
of a General Radio 1213-D Unit Time/Frequency
Calibrator. The audio-frequency beat signal from the
calibrator is mixed in a phase detector with the output
of an audio oscillator. The output of the phase detec-
tor then is returned to the grid of the 5763 tube in the
1211-B Unit Oscillator. The stability of the system
then depends on the stability of the audio oscillator,
and on the stability of the frequency standard. With
this system, considerable care is necessary to avoid the
introduction of unwanted harmonics into the radio-
frequency output.
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2. Audio-frequency Modulated Crystal Oscillator

A very stable radio-frequency field that is variable
over several kilocycles per second can be supplied by
an audio-modulated crystal oscillator (14). If a bal-
anced modulation scheme is used, only the two audio-
frequency sidebands appear in the output of the oscilla-
tor. Either sideband then can be used as a second
radio-frequency source. The audio-frequency modu-
lated oscillator has the disadvantage that it is variable
only over a range of several kilocycles per second.
Crystal oscillators modulated with a variable radio-
frequency oscillator have a wider frequency range, but
are limited in stability by the stability of the variable
frequency oscillator.

3. Audio-frequency Modulated Freguency Divider

Glassel, Turner and Jackman (34) have used a 56.4
Me. oscillator and a frequency divider to produce a
radio-frequency signal close to the N4 resonance fre-
quency. A final audio-frequency modulation permits
the adjustment of the decoupling frequency to the
exact N resonance frequency.

B. NUCLEI WITH NEARLY EQUAL MAGNETOGYRIC RATIOS
1. Locked Oscillator System

The decoupling of chemically non-equivalent protons
using a locked oscillator system was first demonstrated
by Anderson (8). The frequency of one of two crystal
oscillators was controlled by a variable reactance cir-
cuit. The frequency difference between the two oscilla-
tors was stabilized by mixing the outputs to obtain the
difference frequency, which then was compared with
the reference frequency from an audio oscillator in a
phase-sensitive detector. The output voltage of the
phase detector was in turn used to control the variable
reactance.

2. Field and Frequency Modulation

Itoh and Sato (40) have shown that proton—proton
decoupling is possible with considerably simplified in-
strumentation. The fixed frequency radio-frequency
oscillator of the spectrometer is used as H, rather than
H;, and thus is set to high power, while the magnetic
field is modulated at the frequency w'/27. If an AX
system is considered, and the fixed frequency of the
spectrometer, we/2m, is equal t0 vox, then when ’/27 =
Vox — Uos, the spectrum of nucleus X and the sideband
of the spectrum of nucleus A are superimposed in the
output of the spectrometer. If the amplitude of
o’/27 is small enough so that the signal of the sideband
can be recorded without saturation, and if vex > Jax,
decoupling of spins A and X can be observed.

With the sideband technique of Itoh and Sato (40),
the desired sideband response is superimposed on the

signal from nucleus X, which may be partially satu-
rated, but not completely absent. A simple method of
eliminating the unwanted signal is to use a lock-in
detector as suggested by Pound (73) and Freeman and
Pound (31). The lock-in detector is referenced to the
modulating frequency, w’/2%. Various types of lock-in
detectors for this purpose have been described by
Freeman (29), Kaiser (42), Anderson and Johnson (9),
and Elleman and Manatt (25). A schematic diagram
of the lock-in detector used by Elleman and Manatt is
shown in Figure 9.
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Fig. 9.—Lock-in-detector for decoupling nuclei with nearly equa
magnetogyric ratios (25).

The magnetic field modulation schemes described
above produce a symmetrical pair of sidebands at v,x =
w'/27. The presence of a second sideband introduces
no particular complication for simple spin systems.
However, for more complicated spin systems, additional
resonance lines appear due to the unwanted sideband,
and the double resonance technique may hinder rather
than aid in the analysis of the spectrum. Turner (102)
has described a system using single side-band sup-
pressed carrier modulation of the fixed frequency of the
spectrometer. The fixed radio-frequency of the spec-
trometer becomes Hj, and the single sideband is used as
H,.

Effects arising from the unwanted sideband also can
be eliminated by modulating the magnetic field at two
frequencies, one to produce a weak sideband which is
used as H; and another to produce a stronger sideband
which becomes H, (33). In this way the modulation
frequencies can be made quite large so that the center
band and the two unused sidebands are kept far from
the region of the spectrum, while the difference between
the two audiofrequencies can remain small, of the order
of the relative chemical shifts in the spectrum.

Freeman (33) has used modulation at two audio-
frequencies, with two lock-in detectors to produce a
frequency-sweep spectrometer system. For this appli-
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cation, one of the audio-frequency sidebands is used
with a lock-in detector to stabilize the magnetic field,
following the procedure of Primas (77). The center-
band is used as Hy, and the other audio frequency side-
band is used as a variable frequency field H;.

V. SPECIFIC APPLICATIONS

The application of the general uses discussed in Sec-
tion IIT to specific chemical problems will be treated in
this section. The examples will be considered in the
order governed by the atomic number of, firstly, the
nucleus being studied with the weak field and, secondly,
the nucleus being irradiated with the strong field.

A m-{nl

The first examples of proton-proton decoupling were
produced by Anderson(8). In the simple AX spectrum
of dichloroacetaldehyde the doublet at lower field was
made to coalesce by irradiation of the doublet at higher
field. The more complicated ABX,; system of 2,3-
dibromopropene was reduced to a simple AB case by
irradiation at the methylene resonance frequency.

Decoupling in acetaldehyde (A;X spectrum) has
been accomplished by a number of workers. Turner
(102), using frequency modulation, obtained the value
of 7.55 = 0.02 p.p.m. for the chemical shift between the
methyl and aldehyde protons, which compares favor-
ably with the value of 7.59 = 0.02 p.p.m. obtained by
Manatt and Elleman (57), who used magnetic-field
modulation (see Figure 10).
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Fig. 10.—Single and double resonance spectra of acetaldehyde at
60 Mec./s. where v:x = 13.0 c./8. (57).

Turner also has illustrated the technique with ethanol
(A;M.X spectrum) and has obtained the value 2.28 =
0.02 p.p.m. for the chemical shift between the methyl
and methylene protons (102).

Of more interest is the measurement of the chemical
shift of protons which have their resonances obscured
by other freatures in the spectrum, but which are spin-
coupled to a nucleus whose resonance is observed.

One example of the measurement of the chemical shift
of such “hidden” protons is the study of the phenyl-
hydrazine derivative of periodate-oxidized methyl
4,6-0-benzylidene-a-p-glucoside, for which the structure
(I) was established (102).

The spectrum (35) contains two resonances ascrib-
able to the acetal protons H, and Hy. The resonance
at higher field can be assigned to H, and exhibits a
doublet splitting due to coupling to H,. The position
of the resonance due to H, which is in the middle of a
complex, high-field band produced by the protons of
the sugar ring, was located by H~{H!} double reso-
nance (102). When Hq is replaced by an acetyl group,
the H. resonance is moved to lower field where it over-
laps Ha. A further double resonance experiment con-
firms that it is spin coupled to Hy,.

A second example of a “hidden” proton is H, in the
partial structure (II) of Clerodin. Its position was
found by a double resonance experiment involving H,
to which it was spin coupled. The result confirmed the
dihydrofuranoid nature of this portion of the Clerodin
structure.

o}
[

II

Frequently, a given type of proton produces a wide
signal due to unresolved spin—spin splittings. The ac-
curate determination of the chemical shift of such a
group by the single resonance method then is difficult
and the double resonance experiment is of advantage.
Such an example is 1-methyl-2-pyridone (III) in which
the H, and H; protons give broad signals which overlap.
The shift between these groups has been found to be 12
c./s. by decoupling experiments involving the Hs and
H; protons (102).

III
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In cyclohexene (IV) the o- and A-methylene reso-
nances are each asymmetrical and about 20 c./s. wide.
The chemical shift of the a-protons relative to the vinyl
protons has been determined by double irradiation of
the a-signal and observation of the vinyl resonances as
shown in Figure 11 (57). The assignment of the spec-

VINYL PROTONS

f_7 40 Cp3m—o
a B METHYLENE
‘DECOUPLED PROTONS
a~METHYLENE
PROTONS
OECOUPLED
225 cpa—r 255 cps. VINYL
PROTONS ‘
|

Fig. 11.—Single and double resonance spectra of cyclohexene at
60 Mec./s. where v2x = 20.0 e./8. (57).

trum was made on the basis that the a-proton group of
lines should be the most complicated (58). When the
double resonance experiment is repeated but with ob-
servation of the a-proton signal, not only is the a-
methylene region considerably simplified but the resolu-
tion of the g-methylene region is improved as shown in
Figure 12. This suggests that there is a long-range,
unresolved coupling between the 8- and vinyl protons
(58). Similar studies of cyclopentene failed to reveal
a long-range coupling (58).

HsC CH;
H CH,
H O
H
H H H
Br
A%

The assignment of the H, proton of a-bromocamphor
(V) has been made by observation of the effects of de-
coupling it from the H; proton (see Figure 13) (57).
The H; resonance is assigned to low field because of the
expected effect of the carbonyl and bromine groups
upon its chemical shift.

Assignments are sometimes difficult because two
spin—spin coupling constants may be nearly equal.
Two such examples are 3,6-anhydro-1,2-O-isopropyli-
dene-5-O-tosyl-a-p-glucofuranose (VI) and 3,6-anhy-
dro-1,2-O-isopropylidene-a-p-glucofuranose (VII) (6).

The protons H, and H; have similar shifts and each
gives a doublet with a 3.5 ¢./s. splitting although Jy;
is too small to be observed (6). The signal from H; is
also a doublet of 3.5 c¢./s. arising from coupling to Ho,.
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ja———— 40 €ps, —————

Fig. 12.—Spectra of methylene protons of cyclohexene at 60
Me./s. where (a) the vinyl protons are undecoupled and (b) the
vinyl protons are decoupled by the audio-frequency sideband
technique (58).
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Fig. 13.—Single and double resonance spectra of a-bromocamphor
at 60 Mec./s. where vax = 6.0 e./s. (57).
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Thus the signal due to H; can be assigned by means of
8 double resonance experiment involving H;. Double
irradiation of H, did not affect the H, doublet.

The proton resonance spectrum at 60 Me./s. of pro-
pionaldehyde has been analyzed completely with the
aid of H-{H!} double resonance (29). The methyl-
group resonance is typical of the A part of an ethyl
group, A;B;. The aldehyde proton gives a simple
triplet with a splitting of 1.3 = 0.1 ¢./s. The molecule
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3
CH.

VII

is thus classed as an A;B,X case, where Jsx = 1.3 ¢./s.
The methylene portion of the spectrum is shown in
Figure 14a. Figure 14b shows the same region when

[

Fig. 14.—(a) Spectrum of CH; group in propionaldehyde with
markers at 10 ¢./s. (b) The same spectral region with the alde-
hydic proton strongly irradiated. (c) Spectrum calculated with
J/8 = 0.087 and no coupling with the aldehydic proton (29).

the aldehyde group is strongly irradiated. The analy-
sis is now simplified and the spectrum ecalculated with
Jap =74 £ 01 c./s. and 6,5 = 85.4 = 0.5 ¢./s. is
shown in Figure l4c.

The simplification of an ABCX; case to an ABC
system by double irradiation is exemplified by the work
of Manatt and Elleman on propylene oxide (60). The
spectrum is dramatically simplified when the methyl,
X, group isirradiated. The same authors have studied
the proton resonance spectrum of cyclopentadiene at
60 Mec./s. (60). The AsB,X, spectrum is reduced to
an A,;B; type by irradiation of the methylene protons.

The relative signs of coupling constants have been
determined by double irradiation in a number of cases.
The first of these was the diethylthallium ecation, for

which it was shown that the relative signs of the thal-
lium-proton spin coupling constants were different for
J(TIM—CHa) and J(leus_cﬁg) (102, 56).

Similar experiments for cases where the three spins
involved are all protons have been performed. Free-
man and Whiffen (32) studied the four-spin system 2-
furoic acid (VIII). The acid proton does not couple

Br—A
]l I]
XXo"~cooH
VIII

into the ring and hence only the ABX part of the spec-
trum is considered (see Figure 15). The treatment is

Fig. 15.—The A, B, and X parts of the spectrum of 2-furcic acid
at 60 Me./s. (32).

then as given in Section III-B-3. The appearance of
the X region when various other transitions are irradi-
ated is shown in Figure 16. It can be deduced from
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Fig. 16.—The X spectrum of 2-furoic acid at 60 Me./s. with
simultaneous strong irradiation of (a) transitions 5 and 6, (b) 7
and 8, (¢) 1 and 2, (d) 3 and 4 (32).

the decoupled spectra that the signs of the three cou-
pling constants between the ring protons are all the same.
The protons of the five-membered ring of indene (IX)

H H (A)
H
Dy w
H
H H H
(X)
IX

have been treated similarly (25). They constitute an
AKX, case. The 60 Mec./s. spectrum is shown in
Figure 17. It is assigned as shown on the basis of the
chemical shifts. The values derived for the coupling
constants are: Jax = 5.58 ¢./s.; Jax = 1.93 c./s.;
and Jxx = 1.98 ¢./s.
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Fig. 17.—The spectrum of indene at 60 Mec./s.: the A and K
regions were recorded at twice the gain used for the aromatic ring
proton and X, regions (25).

The predicted spectra of the X, region for various
relative signs and for the irradiation of various transi-
tions are shown in Figure 18. The actual spectra ob-
tained are shown in Figure 19, and it is clear that the
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Fig. 18.—Calculated spectra for the X; region of indene for
various relative sign assignments: (a) all Jij's of the same sign,
{b) Jix opposite in sign from Jex and Jax, (¢) Jax opposite in sign
from Jax and Jix, (d) Jax opposite in sign from Jax and Jxx (25).
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Fig. 19.—The X region of the spectrum of indene at 60 Mec./s.
with (a) lines 1, 2, 3 irradiated, (b) lines 4, 5, 6 irradiated, (c)
lines 7, 8, 9 irradiated, (d) lines 10, 11, 12 irradiated (25).

sign of J sx is different from the signs of Jax and Jxx,
i.6., column ¢ of Figure 18 obtains. This is consistent
with the absolute sign assignment made using the theory
of Karplus (43, 44) from which it is predicted that Jax
should be negative, and both Jax and Jxx should be
positive (25).

An additional splitting of 0.5 c./s. was observed in
the A region and presumably is caused by H,. Addi-
tional structure on the X, spectrum may also be seen
in Figure 20b. The additional splitting is caused by
long-range coupling with protons in the aromatic ring,
as proven by the double irradiation spectrum shown in
Figure 20a.
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Fig. 20.—The X; region of the spectrum of indene at 60 Me./s.
with (a) double irradiation of the aromatic ring protons and (b)
normal spectrum of X, region at a slightly lower sweep rate (25).

The applicability of the double resonance method for
the determination of relative signs of coupling con-
stants from spectra which show second-order effects
has been considered (30, 59).

Freeman has studied the molecules trans-crotonalde-
hyde (X) and trans-crotonic acid.

(X)
(A) i
H /c=o
—C
AN
CH; H
(R) (B)



CHEMICAL APPLICATIONS OF NUCLEAR MAGNETIC DOUBLE RESONANCE 99

In the latter the acid proton was found to undergo ex-
change and it was not spin-coupled to the other protons
of the molecule. In the aldehyde Jax and Jrx are
both zero, and the only splitting of the X region is due
to Jsx. Consequently, the sign of Jgx relative to the
signs of other coupling constants in the molecule could
not be found.

The relative sign of Jap and Jzr is found by obser-
vation of the A region and irradiation of transitions in
the R region. Figure 21 shows the whole of the proton
spectrum taken at 60 Mec./s. Figure 22a shows the de-
coupling of the high-field, A, quartet when the irradia-
tion frequency is set at y, i.e., is intermediate between
transitions 1 and 3. Figure 22b shows the decoupling
of the low-field A quartet when irradiation at z is used.
The signs of J 45 and J g are different.

| g’ R
|

I

Flg 21 -—The gpectrum of neat trans-crotonaldehyde at 60
Me./s.: the arrows indicate the location of the strong field H,
in the double resonance experiments (30).

a b

— A

Fig. 22.—The A spectrum of ¢rans-crotonaldehyde at 60 Me. /s.
recorded with simultaneous irradiation of the R group with H; =
2.6 milligauss (a) at position (y), and (b) at position (z) as shown
in Figure 21 (30).

Freeman points out that y and z differ by only 1.4
c./s., so that Hp must be kept as low as possible com-
patible with efficient decoupling of A and R to avoid the
collapse of both the A quartets. It is also important
to take into account the fact that the separation of side-
band and centerband is not exactly equal to the modu-
lation frequency, as discussed in Section I1-A-4.

Freeman (30) found that it was not possible to deter-
mine the relative signs of Jap and Jpr by irradiating in
the A region. The reason is that J ar > J sr 0 that the
large values of H; required to decouple the A and R spins
affect the B region as well. Since transitions in this
region are ‘“mixed” transitions and do in fact involve
the A spin, some decoupling between B and R occurs.

It is, however, possible to irradiate in the B region
and to observe the R resonance without decoupling the
A and R spins. Lower power levels are sufficient in
this case because of the relatively small value of Jgg.
J ap and J ar were found to have like signs in this way.
The X spin produces a slight complication in that de-
coupling occurs for only half the molecules present,
i.e., for those in a given spin-state of X. Figure 23a

Q b

Fig. 23.—The R spectrum of {rans-crotonaldehyde at 60 Me./s.
recorded with simultaneous irradiation of the B region with Hy; =
0.4 milligauss (a) at position (u), and (b) at position (k) as shown
in Figure 21 (30).

shows the R spectrum when irradiation at either u or v
is used. Figure 23b is the case where the irradiation
frequency is either at w or z. Complications of this
sort may limit the use of double resonance determina-
tions of the relative signs of coupling constants in cases
where the number of coupling constants is five or more.

This double resonance work on ¢rans-crotonaldehyde
and frans-crotonic acid confirmed the relative signs
which had been deduced earlier from ‘‘second-order”
spectra taken at frequencies below 60 Mec./s. (47, 66).

A second double resonance study of a spin-system
containing an AB grouping is the work (59) on 1-chloro-
butadiene-1,2 (XI), which is classified as an ABXj case.
This compound has been studied by single resonance
both at 40 Mec./s. and at 60 Mec./s., and the signs of

(X)
CH;, /Cl
\C=C=C
s N
H H

(B) (XI) (A)

Jax and Jpx have been shown to be the same (100).
The sign of Jap relative to the signs of the other two
coupling constants could not be obtained. The addi-
tional sign has, however, been obtained by double
resonance (59).

The labeling of each transition in the AB and X,
regions of the spectrum in the limit as all the ratios
Jij/8;; approach zero is given in Table VII. The table
shows the spin states of all the other nuclei coupled to
the nucleus responsible for a given transition with the
assumption that all the coupling constants have the
same sign.



100

TasLe VII

Sein StaTES oF NEIGHBORING NUCLEI FOR ABX; SYSTEM FOR
CoupLING CONSTANTS ALL THE SAME SiGN

Origin A
Transitions 1 2 3 4 5 6 7 8
Spin A
States B « @ @ 8 a B 8
X: aaa aaf aff aca BBB aaf aBfB BB
afa  BafB afa Baf
Baa fBBa Baa BBa
Origin B
Transitions 9 10 11 12 13 14 15 16
Spin A I+] B B
pSta’oes B “ * * * g
X: aaa aaa aoff aaf ofB aBBf BBB BBB
afa  afa  Baf Baf
Baa Paa aBBf BBa
Origin X3
Transitions 17 18 19 20

Spin A4 a B8 @ 8
States B« a o] B8

3

Figures 24a and 25a show the X; and AB regions,
respectively, of the spectrum of (XI) at 60 Mec./s.
with each transition numbered as in Table VII. The
A region (lines 1-8) and the B region (lines 9-16) each
consists of two overlapping quartets and the X; region
is a simple quartet (100). Figure 24b shows the change
in the X; region by selective double irradiation close to
lines 4, 6, 7 and 8 of the A region (a sideband frequency
of 245 ¢./s.). This causes collapse of lines 17 and 18.
Figure 24¢ shows the collapse of lines 19 and 20 in the
X; region by irradiation close to lines 1, 2, 3 and 5 in
the A region (a sideband frequency of 258 ¢./s.). The
behavior of the AB region with selective double irradia-
tion of the X; region at 245 and 258 ¢./s. is shown in

19
17 20
18

1718
o 20

20

L N LA N

Fig. 24.—The methyl (X;) proton spectrum of 1-chlorobutadi-
ene at 60 Me./s.: (a) without double irradiation, (b) with double
irradiation at 245 ¢./s. near lines 4, 6, 7, 8, (¢) with double irradia-
tion at 258 c./s. close to lines 1, 2, 3, 5. The lines are numbered
as shown in Table VII (59).
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Fig. 25.—The allenic (AB) proton speetrum of 1-chlorobutadi-
ene at 60 Me./s.: (a) without double irradiation, (b) with double
irradiation at 245 c./s., (¢) with double irradiation at 258 e./s.
(59).

Figures 25b and 25¢, respectively. These experiments
were carried out with v., and v, = 8.9 ¢./s.

To obtain the relative sign of Japs and Jsx, Manatt
and Elleman (59) assume that irradiation of lines 1, 2, 3
and 5 does not strongly perturb transitions 4, 6, 7 and 8.
Then for transitions 1, 2, 3 and 5, nucleus B is in the «
state. Thus irradiation of lines 1, 2, 3 and 5 (Figure
24¢) should cause collapse of that part of the multiplet
in the X; region for which nucleus B is in the « state.
If Jap and Jpx have the same sign, as shown in Table
VII, then lines 17 and 18 should collapse. Likewise,
when lines 4, 6, 7 and 8 are irradiated while observing
the X region (Figure 24b), lines 19 and 20 should col-
lapse. Experimentally what is observed is just the op-
posite to the behavior predicted from Table VII.
Thus Jar and Jex must be opposite in sign. The
behavior of the A region when various lines in the X,
region are irradiated (Figures 25b and 23c¢) confirms
this conclusion.

It was not possible to determine the relative signs of
Jas and J ax by decoupling involving the spins B and
X. Irradiation of the B region leads to some decou-
pling of the A and X spins as discussed above for trans-
crotonaldehyde. In principle it should be possible to
obtain the relative signs of Jax and Jzx by double ir-
radiation between A and B. However, this was not
feasible experimentally because the chemical shift be-
tween the A and B regions is only 25 c./s.

Manatt and Elleman (59) made use of Karplus’ theo-
retical work (43, 44) on the contributions of the sigma-
and pi-electrons to the coupling constant. They de-
duced that the absolute signs of Jax and Jx are posi-
tive whereas the sign of J 4 is negative.

B. m-{D?%}

The magnitudes and relative signs of spin—spin cou-
pling constants in fluorobenzene have been determined
by the use of deuterium substitution and H!-{D?}
double resonance, in conjunction with F!° resonance
studies (10).

The decoupled proton spectrum of 2,3,5,6ds-fluoro-
benzene was found to be a single line, not a doublet.
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The coupling of the F!® atom with the para-hydrogen,
JE,, was therefore 0.0 = 0.5 c./s.

The normal proton spectrum of 2,4,6ds-fluorobenzene
shows a doublet splitting broadened by deuterium inter-
action. JEE,, as obtained from the sharpened doublet
of the H'-{D?} decoupled spectrum, is 5.8 = 0.2 c./s.
The F!® resonance spectrum shows the same split-
ting which arises from coupling with the two equiva-
lent protons. Each component of the 1:2:1 triplet
so produced is split further into five lines with the
intensity ratios 1:2:3:2:1 by interaction with the
two equivalent ortho-deuterium atoms. Since JOE
~ 1/,JEE., overlapping of lines occurs and a thirteen-
line spectrum is obtained with the intensity ratios
1:2:3:2:3:4:6:4:3:2:3:2:1.  J2F_ is found to be
about 1.4 = 0.1 ¢./s., so that J25, must be 9.0 = 0.7
c./s.

The measurements of the coupling constants were
improved slightly by the complete analysis of the spec-
tra of fluorobenzene and 4d-fluorobenzene and by H’-
{F} double resonance. In addition, the signs of the
above coupling constants and of the proton-proton
coupling constants were found to be the same from the
second-order spectrum obtained at 30 Me./s.

c. ml-{pl}

The double resonance method has been of great
value in the assignment of the n.m.r. spectra of the
boron hydrides and the borohydride ion. These spec-
tra are complicated by the large numbers of magnetic
nuclei and non-equivalent positions involved. In all
cases large amplitudes of H, have been used and the
chemical shifts have not been measured accurately by
the double resonance technique.

The equivalence of the four protons in the sodium
borohydride molecule (62) was confirmed by decoupling
the B! and proton spins (93). The normal proton
spectrum consists of a quartet with components of
equal intensity due to spin-coupling with one B!
nucleus (I = 3/2), and of a less intense septet due to
splitting by B¥ (natural abundance 189, I = 3). The
quartet is collapsed to one line by H-{B!} spin
decoupling. The BY structure of course remains.

The normal proton spectrum of diborane is asym-
metrical and cannot arise from an ethane-like model.
The H'-{ B} decoupled spectrum consists of two lines.
There are thus two types of protons present in the
molecule, and from the spectral intensities their rela-
tive numbers are deduced to be in the ratio of 2:1.
These observations fit the bridge model which has been
established by electron diffraction (39) and infrared
(75) investigations. The proton shifts are most ac-
curately derived from the double resonance spectrum,
and the coupling constants only from the B! spectrum.
All the features of the normal proton spectrum then can
be assigned.

In pentaborane-9, BsH,, there are two types of borons
in the ratio of 4:1, as shown by the B!! spectrum, and
three types of protons as shown by the decoupled pro-
ton spectrum (86, 93). Two of the three kinds of pro-
tons give equally intense signals in the appropriate
decoupled spectrum. The third gives a less intense
signal. Because of the different shifts of the B!
nuclei in the two locations, only one type of B! nucleus
at a time could be decoupled completely from the pro-
tons in a field-sweep experiment, so that the relative
intensities of the proton signals are not immediately
obvious. However, there are only two possibilities:
4:4:1 and 3:3:2. The former fits the structure de-
termined by X-ray analysis (563). This structure has a
square-pyramidal framework of borons, the apical
boron being bonded to only one proton, and each of the
four basal borons being bonded to one terminal and two
bridge protons.

The normal proton spectra of B;HsBr and B;H;I do
not contain the features which in the BsHy spectra are
associated with the apical proton. It is concluded that
the apical proton has been replaced. This is confirmed
both by the H-{ B!} spectra and the B!! spectra. De-
coupling occurs at only one frequency corresponding to
the resonance frequency of the basal boron atoms. In
the B! spectrum of BsH,, two doublets of relative in-
tensity 4:1 are obtained corresponding to the four basal
borons and one apical boron, respectively. Whereas
in BsH, the apical boron signal is a doublet due to
splitting by the apical proton, in B;HsBr and BsHsI the
same signal is not split since the apical proton has been
replaced (87).

The more structurally complex molecules penta-
borane-11, BsHy;, and decaborane, ByHis, also have
been studied with the aid of H-{B!} decoupling
techniques. Despite the known structure of these
compounds (563), opinions as to the interpretation of
the H! and B! spectra differ, and the spectra cannot be
fully assigned (52, 86, 107). It was, however, possible
to decide that in the halides BioH;sBr and BioHysl, the
halogen atoms are attached to the B2 borons (87) (in
the notation of Kasper, Lucht and Harker (45)).

An interesting example of the successful use of a
number of different n.m.r. experiments, including
H!-{B1} double resonance, is the work of Shoolery on
the molecule (CH;),PH-BH; (93). This molecule
contains fourteen nuclei, twelve of which have mag-
netic moments and eleven of which are spin coupled to
the P3! nucleus (I = 1/2). The structure and six of
the ten coupling constants were obtained from four
spectra: the normal proton spectrum, the H-{ B!} de-
coupled spectrum, the B! spectrum, and the P3! spec-
trum.

The P3! spectrum shows two groups of resonances,
each unresolved, with a separation of 350 cycles. The
H!-{B!} decoupled spectrum contains this same split-
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ting which may thus be assigned to a P-H coupling.
The large value of the interaction indicates that these
nuclei are linked directly. The doublet is also present
of course in the normal proton spectrum. Four other
features of the normal proton spectrum are absent from
the decoupled spectrum and may be assigned to protons
(Hy) attached to boron. The number of these protons
can be deduced to be three from the B! spectrum,
which consists of two overlapping quartets. Each
quartet has the intensity ratios 1:3:3:1 and is as-
cribed to splitting by three equivalent protons. The
added doublet splitting is due to the P! nucleus.

In the decoupled spectrum the phosphine-proton has
multiplet structure. This is due to splitting by six
equivalent protons in two methyl groups. The methyl
groups are responsible for the most intense signal in the
proton spectrum. This signal consists of two doublets,
one splitting being due to the phosphine-proton and
one to the P# nucleus. These facts fit the structure

CH; I|:Ib

H,——P—-I{S——Hb
éHs H,

The derived coupling constants are given in Table VIII.

TasLe VIII
CovrLing ConsTANTS DETERMINED FOR (CH;);PH-BH;
Spectrum JHP JHH, JPH, JBH JBP JPHE
H! 12 6 90 12
H-{B1} 12 6 350
Bu 90 50
pa 350

It was observed that the H, signals become more in-
tense when the B!! nucleus is irradiated, and, moreover,
then are resolved into a multiplet. This indicates
that there is an additional coupling, JBH,, which is not
resolved in the normal proton spectrum nor in the B!
spectrum.

An additional example of H-{B!} decoupling is
considered in section V-H.

D. Hl—{ 013}

The value of the ratio of the magnetogyric ratios of
C2 and H! obtained by Poss (72) was confirmed and
the aceuracy improved by a double irradiation experi-
ment (84). A sample of methyl iodide enriched to
519, with C3 was used. The wvalue 0.251443 =
0.0000005 for the ratio vycis/ym: was found, in agree-
ment with the previous figure of 0.25143 £ 0.000005.
The doublet nature of the normal proton spectrum
confirmed the value 1/2 for the nuclear spin of the C!?
nucleus. This value had been obtained by Jenkins
from hyperfine-structure measurements (41).

E. HI-{NV}

1. Amades

(a) Formamide

s

Ha Hp

The double resonance technique was applied by
Piette, Ray, and Ogg to determine the proton spin-
spin coupling constants in formamide (65). The
normal proton resonance spectrum of formamide at
40 Me./s. as shown in Figure 26a is considerably broad-
ened because of coupling of the protons to the N
nucleus. The effect of H'-{ N4} double resonance on
the proton spectrum is shown in Figure 26b.

The double irradiation experiment shows that the
amine protons in formamide, like the methyl groups in
N,N-dimethylformamide, are inequivalent because of
restricted rotation about the C—N bond. Taking
H, as the formyl hydrogen, the coupling constants Jio
and J;3 were found to be 13 ¢./s. and 2.1 ¢./s. in the pure
liquid. The larger coupling constant was attributed
to the trans coupling. This assumption has been
proven to be correct by an H'-{N#} study of N-
methylformamide (see Section V-E-1b) (80).

V21

(@)
JIJ
B
() 2 h
W
L . I HZ'HSI s

Fig. 26.—The proton spectrum of formamide at 40 Me./a. with
(a) N** not decoupled and (b) double irradiation at the N4 res-
onance frequency, 2.8904 Mec./s. (65).
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The signal due to H in the H—{N“} decoupled
spectrum of formamide overlaps one component of the
H doublet at 40 Mec./s. The other component is
broad and the splitting J.; could not be resolved. This
splitting, however, has been resolved in the case of
N_gubstituted formamide (99). Its value is 2.4 c./s.
The broadening of the amine resonance in the N case
is thus not due to exchange effects since these would be
operative also in the N molecule. The broadening
presumably is the result of incomplete decoupling of
the N4 nucleus.

The line-width of the formy! proton is also of in-
terest. At 60 Me./s. the small splitting Ji; cannot be
resolved. The broadening must here be attributed, as
for the amine proton, to coupling with the N nucleus,
since double irradiation sharpens the formyl signals
(82). The effect may also be observed in the published
spectra at 40 Mec./s. of Piette, Ray and Ogg (65) as
shown in Figure 26, but, because the NH and CH pro-
ton resonances overlap at 40 Me./s. in the undecoupled
case, this result is not as obvious.

The H, signal moves to low-field in water solution
and no longer overlaps the H, doublet. Once more the
splitting J.3 was not resolved even in the decoupled
spectrum. Deuterium substitution of the formyl hy-
drogen also enabled the H, and H,) resonances to be
separated. There was a suggestion of a triplet struc-
ture due to J(p,-m, on the H, signal (65).

Partial deuteration at the amine positions gave a
mixture of products, and the spectrum of the mixture
was a superposition of the spectra of D.,NCHO,
DHNCHO, and H,NCHO (65).

(b) N-Methylformamide

¢] Me(z)
AN /
C—N
/ AN
Hq He

The proton-proton coupling constants in N-methyl-
formamide have been determined similarly with the aid
of Hl—{N“} decoupling (80). The normal proton
spectrum at 60 Me./s. of N-methylformamide consists
of a high-field quartet and two broad low-field features
which overlap in the case of the pure liquid. The high-
field quartet is assigned to the methyl-group protons.
The broader of the low-field features is assigned to the
NH proton.

The effect of Hl—{N“} decoupling on the low-field
features of the spectrum is shown in Figure 27. Not
only is structure seen on the sharpened NH signal but
the low-field signal of the formyl proton is similarly
sharpened and is shown to contain structure. It fol-
lows that both the amine and the formyl protons are
spin-coupled to the nitrogen. The methyl proton
signals, however, are unaffected by the decoupling and
are thus not appreciably coupled to the nitrogen.

———r T

H
Fig. 27.—CH and NH proton resonances of N1¢ decoupled N-
methylformamide (pure) at 60 Mec./s. (80).

The H'-{N} decoupled spectrum can be analyzed
as an ABX; system. The derived coupling constants
for the pure liquid are: Ji3 = 1.8 ¢./s.; Jaa = 4.9
c./s.; Ji2=09c¢./s

If the stable configuration of N-methylformamide
has the methyl group érans to the formyl hydrogen (55)
then the double resonance work confirms the assign-
ments of the spectra of formamide (65, 99) and N,N-
dimethylformamide (46). The coupling constants be-
tween the CH and the two NH protons in pure N6
formamide are 2.1 ¢./s. and 12.9 ¢./s. (99). By analogy
with N-methylformamide the low value of 2.1 e¢./s.
must be assigned to Jy; in formamide. Thus Jygn, >
J . in formamide, as in the ethylenic compounds (43),
as was assumed (65, 99). The coupling constant Jy; =
0.9 c./s. for N-methylformamide can, of course, be com-
pared with the values 0.4 c¢./s. and 0.8 c./s. for the
coupling of the CH proton to the two methyl groups
in N,N-dimethylformamide (46) to suggest the assign-
ment of the 0.8 c./s. coupling to Jiz. Again Jyen, >
Jeie for the long-range coupling constant.

The relative signs of Jy, and J,; were found by com-
parison of the spectrum of the methyl group at 40 Me./s.
with spectra for like and opposite signs of these coupling

constants. The calculated and observed spectra are
shown in Figure 28 (80). The sign of J; is opposite to
that of J 23

Dilution of N-methylformamide in water produces
large changes in the proton chemical shifts. Though
chemical shifts are always dependent on the details of
solvent interactions, coupling constants are usually not
solvent dependent. However, Jy; for N-methylform-
amide changes from 1.8 =+ 0.1 ¢./s. in the pure liquid
to 2.3 = 0.1 ¢./s. for a 33 volume per cent solution in
water. The variation has a marked effect upon the
appearance of the CH group resonance since it deter-
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J,® -0.86
J3=21.78
Jyy =+4.88

J,p =+ 0.86
Jys =278
Jpy 488

H

H

Fig. 28.—CH; proton resonance of N-methylformamide (pure)
at 40 Mec./s., with spectra calculated for like and opposite signs

of Jys and Jo5. The calculated spectra are invariant with change
in sign of Jy; (80).

mines the extent to which the two quartets of the signal
overlap. This may be seen from a comparison of
Figures 27 and 29. For the pure liquid only six peaks
can be observed whereas for the water solution seven
peaks are discernible. It can be argued from these
results and the theory of Karplus (43) that dilution of
N-methylformamide in water favors the resonance
form

- N Me
ott”
/ AN
H H

The results of Randall and Baldeschwieler (80) are
consistent with the work of Fraenkel and Franconi,
who have found that protonation of amides in acid
solution occurs at the oxygen and leads to an increase

in J15 (28).

(¢) N,N-Dimethylformamide

(o) Me(
AN /
/ AN

Hay Me

A double resonance effect on the CH resonance in

H
Fig. 29.—CH and NH proton resonances of N!¢ decoupled N-
methylformamide (339 by volume in water) at 60 Mec./s. (80).

N,N-dimethylformamide (80) has been found as for the
formamide (82) and N-methylformamide cases (80).
The normal and decoupled proton spectra of the formyl
group at 60 Mec./s. are shown in Figure 30. Double
irradiation decreases the half-width from 2.9 to 2.4
c./s. Unfortunately, the structure of the CH reso-
nances cannot be completely resolved.

(d) Acetamides

Double resonance effects at the amine protons of
both acetamide and N-methylacetamide have been ob-
served (80). Unfortunately, even with H-{ N} de-
coupling, the structure of the NH signals could not be
resolved completely.

(e) N Chemical Shifts

The N resonance frequencies for all the amides con-

NORMAL

H H

Fig. 30.—Normal and N4 decoupled CH proton resonance of
N,N-dimethylformamide (pure) at 60 Me./s. (80).

DECOUPLED
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sidered above were found to be the same to within the
rather large error, = 10 ¢./s., of the measurement (80).

2. Pyridine and Pyridinium Ion

The H-{N} double resonance effect in pyridine
has been found by observation of the a-proton reso-
nances, which are quadrupolar broadened by the N¢
nucleus, as shown in Figure 31 (81). The decoupled

A

H

Fig. 31.—a-Proton resonance of pyridine (pure liquid) at 40
Me./s. without and with double resonance (81).

spectrum for pyridine agrees very well with the pre-
viously calculated spectrum (90, 91).

In the case of the pyridinium ion the double reso-
nance effect of the amine~proton signal was observed as
shown in Figure 32 (81). The normal proton spectrum

I

H

Fig. 32.—Amine-proton resonance of pyridinium ion in trifluoro-
acetic acid at 40 Mec./s. without and with double resonance (81).

of the amine proton is a broadened triplet for a 5%,
solution of pyridine in trifluoroacetic acid. At higher
concentrations of pyridine, the triplet is not obtained
because of faster proton exchange (96). The CH pro-
ton resonances of the ion are all broad. Double irradia-
tion had no effect upon the 40 Me./s. spectrum of these
protons, however. The main broadening is therefore
not quadrupolar but may be attributed to exchange
effects of the amine proton. An exchange rate of
several sec.~! would be fast enough to broaden the
ring proton resonances which have coupling constants

of the order of several c./s., and yet would enable the
amine proton triplet with a splitting of 70 ¢./s. to be
observed.

The N1¢ chemical shifts in these molecules were de-
termined and compared with the shifts in NH; and
NH,+ (81). Table IX shows the results. The low-

TasLe IX

N4 CapmicAL SHIFT MEASUREMENTS OBTAINED
BY H-{N14} DouBLE RESONANCE

C:HsN *
—1756 £ 1

C,H:N

Molecule NH;, NH,+
—293.3 £ 10

Shift, p.p.m. 16.8=£0.5 0.0

field value of the shift for pyridine relative to the pyri-
dinium ion probably is due to a larger paramagnetic
contribution to the pyridine shift arising because the
energy required to promote an electron to the first
excited state presumably is much less in pyridine than
in any of the other molecules considered. The para-
magnetic term may also affect the a-proton chemical
shifts (81).

3. Pyrrole

The N-H proton resonance in pyrrole normally is
difficult to detect because it is broadened by a quad-
rupole relaxation mechanism. The H-{N} double
resonance effect in this molecule has been observed by
Shoolery (94). The N-H proton in the decoupled
spectrum of the pure liquid was partially resolved into
a broadened multiplet. In addition, the resolution of
the signals of both the a- and S-protons was improved
by the decoupling. This indicates that both types of
ring-protons are appreciably coupled to the nitrogen
nucleus. A few other cases of broadening of resonances
of protons not directly bonded to the quadrupolar
nucleus have been considered in other sections. These
cases were: the formyl-protons in formamide, N-
methylformamide, and N,N-dimethylformamide; and
the phosphine proton in (CH;).PH - BH;.

The enhancement of the intensity of the NH proton
signal by decoupling has been used by Happe in the
measurement of the solvent effect on the N-H proton
shifts (38). Upon dilution of pyrrole with eyclohexane,
all the proton resonances move to low field. The NH
signal moves most and the g-ring proton signal least.
This is consistent with the breakup of “r-interactions”
between the N-H proton of one pyrrole molecule and
the w-electrons of a second molecule. Happe has
analyzed the data further and deduces that the associa-
tion is dimeric in dilute solution and that in each dimer
each NH is bonded to the r-electrons of the other ring.

Happe also observed that the addition of pyridine
resulted in a shift of the NH proton signal to lower
fields. This was taken to indicate that the pyrrole—
pyridine association is of the “n-donor” type and in-



106 JoaN D. BALDESCHWIELER AND EDWARD W, RANDALL

volves the lone-pair electrons of the nitrogen in the
pyridine ring. An equilibrium constant of 23.1 at 33°
for the association was determined from a study of the
temperature dependence of the shift. This agrees
with the value of 22 + 3 at 30° obtained from infrared
measurements on CCl, solutions (103).

4. Ammonia and the Ammonzum Ion

The first double resonance spectra for the ammonium
ion were obtained by Anderson, Pipkin and Baird (7).
The theoretical treatment of the H-{N¢} double
resonance spectra of N*4H; has been given by Baldesch-
wieler (12) and has been considered already in Section
1I-A-3.

The treatment was extended to the case of N“H,*
and the theoretical spectra at intermediate values of H,
and at various values of w, were determined (14).
Good agreement between experiment and theory was
obtained as shown for example by Figure 5 in section
II1-B-2. The N chemical shiftsin NH;and NH,+ were
also found and have been discussed in section V-E-2.

. nl-{N1}

Anderson, Pipkin and Baird obtained H-{ N1} double
resonance spectra for both N*H,* and N*H,* and,
by measurement of the frequency of the decoupling
fields for the two molecules, were able to determine the
relative value of the magnetogyric ratios of the N4 and
N nuclei (7). The value obtained was

N/ ynt = 14027576 = 15 X 107

The accuracy was improved by Baldeschwieler (14)
who obtained the value

yxi®/ynt = 140275480 £ 20 X 10-®

The behavior of the N¥H,* system at various values
of Hs; and w, was determined both experimentally and
theoretically (14). Figure 6 (section III-B-2) shows
the good agreement between the two.

6. m-{r*}

Lauterbur has used a second field of large amplitude
at the F!® resonance frequency to simplify the pro-
ton spectrum of the molecule (CF;CH,CH:SiMeO)s.
The spectrum of the -CH,CH,- group was reduced to a
simple A;B; case by irradiation of the fluorine nuclei.

The normal proton spectrum of sym-trifluorobenzene
is complicated by the long-range H-F couplings (95).
The H-{F1} decoupled spectrum has only one line
since all the hydrogens are equivalent to each other.
Only one decoupling frequency is needed since all the
fluorines also are equivalent.

H. Hl_{A127}

The n.m.r. study of a number of compounds contain-
ing aluminum, boron, and hydrogen is interesting be-

cause two different decoupling experiments were used
(63). These were H~{B!!} and H™-{Al#} decoupling.

The first compound studied, which we shall call A,
was prepared by the method of Schlesinger, Sanderson,
and Burg (89). It has been analyzed as AIB;H;. and
has been called aluminum borohydride. The most
probable structure (76, 17) for this compound in the
vapor is one of D; (or D;y) symmetry, and presumably
consists of three distorted tetrahedral BH, units each
bonded to aluminum by two hydrogen bridges. The
boron atoms form an equilateral triangle with the
aluminum atom at the center.

The normal proton spectrum for A in the liquid phase
is a single broad peak that is not temperature depend-
ent. It is narrowed slightly by Hi-{B!} decoupling.
The decoupled spectrum contains unresolved structure
presumably arising from H!-Al¥ spin-spin coupling.
If this is s0, Ja1.m must be of the order of 40 ¢./s. The
H!-{Al”} spectrum resembles the normal proton spec-
trum of the borohydride ion. It was deduced that the
protons are all equivalent and are all bonded to B!
(63). The B! gpectrum resembles the corresponding
B gpectrum of the BH,~ ion, 7.e., it is a quintuplet.

The experimental data are difficult to fit to the strue-
ture as derived by gas-phase methods since equivalence
of the proton resonances would require a dynamical
process to average out the chemical shifts for the in-
equivalent positions. Such a process should be tem-
perature dependent whereas the proton spectrum is
not. Ray and Ogg invoke 8 ‘‘quantum-mechanical
tunneling process.” However, it may be queried
whether A in the liquid has the same structure as de-
duced by the gas-phase methods. It is also possible
that the protons are in fact not equivalent (5).

Similar considerations apply to a second compound,
B, which Ogg and Ray (63) obtained from A by first
heating and then rapid cooling. The work is cur-
rently under reinvestigation (61).

1. m-{p¥}

The coupling constants of the methylene groups with
the methyl protons and with the P! nucleus in triethyl
phosphite have been shown to be nearly equal by spin
decoupling (95). The normal n.m.r. spectrum of the
methylene groups is a rather symmetrical five line
pattern. With Hl—{P“} double resonance, the spec-
trum of the methylene groups is reduced to a four-line
multiplet arising from ecoupling with the methyl groups.
From this result it is clear that the five-line pattern
arises from the overlap of two quartets, and that
Jom,-pun and J g, - o, must be equal.

7. H1_{ szo7}

The proton spectrum at 30 Me./s. of lead tetraethyl
has been studied by Baker (11). An H‘—{Pb”’} de-
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coupling experiment was used to determine the ratio
vevwr/vu,. The value obtained was 0.2092198 ==
10 X 10-7.

K. B!-{BY}

Only one example of B1°-B!! gpin-spin coupling has
been reported (106). This was for tetraborane, B4Hj,.
This molecule appeared to be the most favorable case
for which B-B!! coupling could be detected since it
is the only boron hydride which has only one type of
single-bond between borons.

The B! spectrum includes a low-field triplet arising
from B~H coupling in the two terminal BH, groups, and
a high-field doublet arising from B-H coupling in the
two central BH groups. Each feature of the BH,
triplet shows a barely resolved triplet arising from the
two equivalent bridging protons. Each component of
the BH doublet similarly contains unresolved fine
structure.

B1-{B!} double resonance has been used (83) to
test the assignment of this fine structure to B-B!!
spin-spin coupling. Irradiation of the sample at about
the B resonance frequency did not remove the fine
structure and the above assignment is not confirmed.
Deuteration of the molecule, on the other hand, did
remove this structure which may thus be attributed to
a spin-spin interaction with H'.

L. ct-{ml}

The collapse of spin-multiplets in the C!3 spectra of
a number of organic molecules by C!~{H!} double
resonance has been accomplished by Lauterbur (50).
Figure 33 shows the effect for methyl iodide, cyclohex-
ane and benzene.

Positive Overhauser effects were found for these and
other molecules, and the enhancement factors are given
in Table X.

TasLe X

NucLEAR OVERHAUSER ENHANCEMENT FACTORS FOR
Ct-{H!} EXPERIMENTS?

Enhancement
Molecule factor®
CH,I (609, C!3 enrichment) 0.7
HCOOH (889 solution in H,0) %8
8Ll .
1,3,5-Trimethylbenzene (2,4,6-C!3 resonances) 1.0

Sn(CH;)4 (methyl Clé.resonances) 0.8

@ Measurements were made under rapid passage dispersion
mode conditions with C!? in natural abundance except as noted
for CH;I, H; = 320 milligauss.

® The enhancement factor is defined as: (a — a)/ap where
a, is C!2 signal intensity before double resonance; a is C12 gignal
intensity with C13-{H!} double resonance.

M. cl-{Fi9}

The only known example of a 013—{F19} double
resonance experiment is the work of Lauterbur on

|
-

¢ c\}_{HI}

RNV, VJU L~

¢ ofn)

i

Fig. 33.—C18 gpectra of (a) methyl iodide, (b) cyclohexane,
and (c) benzene, without and with double irradiation at the pro-
ton resonance frequency (50).

trifluoroacetic acid (50). This case already has been
considered in Section ITI-B-2.

N F19——{N“}

The decoupled F!® spectra for the molecules NF;,
N:F4 (16) and the two forms of NoF; (15) have been ob-
tained. In the limit of large H,, a single peak results
in all cases. For N,F, this result together with the
microwave results (51) indicate that the barrier to rota-
tion of the NF, groups with respect to each other is
very low.

Of the two forms of NyF. the stable form has been
shown to have a trans structure (27, 85). Two struc-
tures have been proposed for the unstable isomer: a
cis form; and a 1,1-difluoro structure (27, 85). The
undecoupled F'® spectrum of the unstable isomer in
CCLF solution at 40 Mec./s. is shown in Figure 34a.
The spectrum consists of five lines, indicating that both
nitrogens must be coupled to the fluorines if the mole-
cule is of the 1,1-difluoro form, or that the molecule
represents a complicated example of an AXX'A’ case
where the fluorine and nitrogens are not magnetically
equivalent (69), if the molecule has the cis structure.
As has been noted in section III-B-2, if the nitrogen
nuclei have the same resonance frequency v,n, then
double resonance spectra recorded by sweeping field
will be mirror images when w./27 is set at equal fre-
quency intervals above and below w:/27 = v,x. This
readily observed regularity of the double resonance
spectrum will not oceur if vox 5 von-.
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Fig. 34.—(a) F1® spectrum of ¢is-N;F, at 40 Mec./s. without
double resonance; (b) Fi-{N*} double resonance spectra of cis
N.F; at several values of Ax in c./s. (15).

The double resonance spectra of the unstable isomer
at several values of w./27 above and below v,y are
shown in Figure 34b. These results indicate that
Thus the 1,1-difluoro structure is quite

UoN = UoN’.
improbable.

o. Fi-{ps}

Bloom and Schoolery investigated the Fie—{P#}
double resonance spectra of Na.PO;F both at various
values of w; as well as H; (22). Good agreement be-
tween the calculated and observed spectra was obtained.

P. Sn119_{H1}

One example of decoupling involving Sn!!?® is known.
It is for the molecule tetramethyltin (50). The spectra
obtained under rapid passage dispersion mode condi-
tions are shown in Figure 35.
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irradiation at the proton resonance frequency (50).
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