RELAY = RELAYed correlation spectroscopy

The pulse sequence: 90°, - t; - [90°¢ - - (90°+¢)- - 90°¢]- t,

90% 905  0+90° 90,

It can be phase-cycled but not essential.
I y I T I T I t2 If not phase-cycled then:
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oleq.] )
A=n2 0, +M+8S)

o[0]
H=1,(Qt) + M,(Qyt)) + S,(Qsty)

—_
VX<

H=2 ,(Js7ty)

z

I, .M,and§,
190°,

-1,,-M,and -S,
U

—1, cos(Cty) +|Xsin(§_2,t1)
—M, cos(Qt;) +M,sin(Qyty)
—S, cos(Qgt;) +S, sin(Qsty)

—1, cos(t)cos(nd;st;) _
+21.S, cos(Q,t,)sin(ndst,)
+1, sin(Qt;)cos(md st;)

+21,S, sin(ty)sin(md st;)

=S, €0s(Qsty)cos(ndsty)

-M, cps(QMtl)
+M, sin(Qyt,)

+2S,1, cos(Qgty)sin(md;sty)
+S, sin(Qqt;)cos(nd st

+25, 1, sin(Qsty)sin(mdsty)



—1,, cos(ty)cos(md;st;) +21,S, cos(€t;)sin(md;st;)
+1, sin(Qt;)cos(nd;sty) +21,S, sin(€ty)sin(md st;)
=S, c0s(Qst;)cos(md;sty) +25,1, cos(Qsty)sin(md sty)
+5, Sin(Qgty)cos(ndsty) +2S, 1, sin(Qsty)sin(rd;st;)
—M, cos(Qt;) +M, sin(Qy,t;)

H =28,M,(Jsynt,)

and

+2|x32

and

+21,8,

C 21,5
; +|y

\
-1, c_os(Qltl)cos(nJ,Stl) +21,S, c_os(Q,tl)§in(nJ|St1)
+1, sin(t)cos(nd;sty) +21,S, sin(€t;)sin(mdst;)

=S, €0S(Qgty)cos(md sty )cos(mIgpty)

+2S,M, cos(Qst;)cos(md sty )sin(mIgyts)
+2S,1, cos(Qgt;)sin(nd sty ) cos(mIgyts)

+4S, M, I, cos(Qgty)sin(md;sty )sin(mtdsyt;)
+S, sin(Qgt;)cos(md,st;)cos(mIgyty)

+25,M, sin(Qgt;)cos(md sty )sin(mdgyt;)
+2S, 1, sin(Qst;)sin(md sty ) cos(mdgyty)

+4S,M, 1, sin(Qgt;)sin(md st;)sin(mIgyt;)

—M, cos(Qt;)cos(nIgyty) _

+2S,M, cos(Qyt;)sin(rmIgyt;)
+M, sin(,t;)cos(mdgyty)

+25,M, sin(Qt;)sin(mdgyt)



—1, cos(Qt;)cos(nd;sty) +21,S, cos(ty)sin(md;gt;)

+1, sin(t;)cos(nd;sty) +21,S, sin(t;)sin(mdst;)

=S, €0S(Qgt;)cos(md;sty )cos(mgmty) +25,M, cos(€2st;)cos(mdsty)sin(mdgpty)
+25,1, c0s(Qsty)sin(md sty )cos(ndsyt;) +4S,M, 1, cos(Qst;)sin(md sty )sin(mIgmt;)
+S, Sin(Qst;)cos(mdst;)cos(mIgmt;) +2S,M, sin(Qst;)cos(rd;st;)sin(mdsyt;)
+25, 1, sin(Qgty)sin(rdsty)cos(mIgmt;) +4S5,M,1, sin(Qgty)sin(mdsty)sin(mdgyty)
—M, cos(Qt;)cos(tIgyty) +2S,M, cos(Qyty)sin(mIgumt;)

+M, sin(Qyt;)cos(migyt,) +2S,M,, sin(Qyt;)sin(mIgyty)

A=n2 (1,+M+38,) 190°, memo. = cos(n/2) = 0, sin(n/2) = 1
—1, cos(t;)cos(md;st;)
=21, S, cos(Ct;)sin(md;sty)
+1, sin(Q,t;)cos(ndsty)
—21,S, sin(Qty)sin(nd;st;)
—S, €0S(L2st;)cos(md sty )cos(ndgyt;)
—25,M,, cos(Qgt;)cos(md sty )sin(mIgyt;)
—2S,1, cos(Qst;)sin(md sty )cos(mgmty)
+4S,M, |, cos(Qst,)sin(nd sty )sin(mdgyty)
+S, sin(Qgt;)cos(nd sty )cos(mIgyt;)
—25,M, sin(Qst;)cos(mdsty)sin(ndsyty)
—25,1,, sin(Qgty)sin(md sty ) cos(mIguty)
+4S,M, | sin(Qgty)sin(rd;sty)sin(mIgyt)
—M, cos(Qyt;)cos(mIgyt;)
—25, M, cos(Qut;)sin(mIgyty)
+M, sin(,t;)cos(mtdgyty)
o[t;,0] —2S5 M sin(Qpt;)sin(mdgyty)

Among these 16 terms only the following 7 describe single quantum coherences



Among these 16 terms only the following 7 describe single quantum coherences

anti-phase S +S, sin(Qct;)cos(nd <t;)cos(mdeyt, )
-_hases X ) S*1 IS*1 ) SM*1
In p —2S,M,, sin(Qct,)cos(nd st )sin(mIgpty)

z'Vly St1 IS*1 SM*1
ant!-phase M —28,1,,5in(Qst;)sin(rd sty )cos(nIgyty)
anti-phase | +M, Sin(Qt;)cos(mdgyty) o

anti-phase S

As we are interested in transfer from | to M via S and thus we keep only
the in-phase and the anti-phase | and M coherences:
+1, sin(t;)cos(md st,)
_ —21,S, sin(Ct)sin(rnd;st;)
+M, sin(Q,t;)cos(tdgyty)

L5

During the [90°, - T- (90°+¢)- - 90°,], whit an echo inserted, only coupling is effective while chemical shift
Is refocused.
if ¢ =x, and the effective pulse is [90°, - T- 180°,- - 90°,] then only the following two terms evolve:

Ar =215, sin(€t;)sin(md;sty)

B: —2S, M, sin(Qt;)sin(mIgyty). memo: the "echo time" is 2t




A the first term evolves during 2t such as: _ _
= 21,S,(J,sm27)

=21,S, sin(Cty)sin(rnd;st;)cos(nd s21)
+S, sin(Q,t;)sin(rd st;)sin(nd,s271)
A = 2S,M,(Jgym27)

—21,S, sin(Cty)sin(rnd,st;)cos(ndjs2t)cos(nIgy21)
+41,S,M, sin(Qt,)sin(md,st;)cos(mnd,s21)sin(ndgy,21)
+S, sin(Q,t;)sin(wtd st;)sin(nd,s2t)cos(mdgy,21)
-2M, S, sin(Ct;)sin(nd sty )sin(md;s27)sin(ngy21) o

-2M, S, is an anti-phased magnetization on M; a term originating from I and via S is now transfer. to M.

B: the second term under the same condition evolves such as :

A ) —2M,S, sin(Qut;)sin(mIgyt;)
H = 2S,M,(Jgm27)
—2M,S, sin(Qut;)sin(Igyt;)cos(ndgy21)
+S, sin(Qyt;)sin(mIgpyt;)sin(mdgy,27)
A =21,S,(J,sm27)

—2M, S, sin(Qyt;)sin(dgpyt;)cos(rdgy2t)cos(md;s21)
+4M,S, 1, sin(Qyt;)sin(mIgyt;)cos(ndgy,2t)sin(nd,s21)
+S, sin(Qyt;)sin(mIgyt;)sin(mdgy2t)cos(nd s21)
-21,S, sin(Qyty)sin(mdgyty)sin(mdgy2t)sin(mdis21) @
-21,S, is an anti-phased magnetization on I a term originating from M and via S is now transfer. to I.
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Before the last 90°, (the reading pulse) beside the two unchanged terms:

+1, sin(t;)cos(md st,)
+M, sin(,t;)cos(mdgpty),

The evolution of these two is important: -21,S, sin(Qt;)sin(mdgyty)sin(mdsy2t)sin(rd s21) and

H=n2 (,+M+8,) 190°, memo. = cos(n/2) = 0, sin(n/2) = 1

During the reading pulse: +1, sin(t;)cos(md st,)
+M, sin(Q,t;)cos(ndgyty)
—25,1,, sin(Qyt;)sin(mdgyt;)sin(dgy21)sin(md,s21)
—25,M, sin(Qt;)sin(mdst;)sin(d s21)sin(ndspy2t)

During ACQ. +1, sin(t;)cos(md st,)
Hem = L(Qt,) \!

o +1, sin(t;)cos(ndsty)cos(ty)  +1 sin(€t;)cos(rd;sty)sin(t,)
H =21,S,(Jisnty)
+1, sin(Q,t;)cos(nd st )cos(Qt,)cos(ndst,) @
+21,S, sin(Qt;)cos(md sty )cos(€2ty)sin(md st,)
+1,, sin(Ct;)cos(md;sty)sin(€2t,)cos(nd;st,)
=21, S, sin(Qt;)cos(rd st;)sin(Qt,)sin(nd st)



During ACQ. +M, sin(,t;)cos(mtdgyty)
Hem = M,(Qt,) \!

+M, sin(Qyt;)cos(mIgyt;)cos(Quyts) +M, sin(Qyt;)cos(mdgyt;)sin(Qyt,)
H = 25,M,(Jsymty)

+M, sin(Qyt;)cos(mIgyt;)cos(Qyt,)cos(mdgyt,) @
+2M, S, sin(Qyt;)cos(mdgyt;)coS(Qyty)sin(mIgyt,)

+M, sin(s_)Mtl)cos(nJSMtl)sin(S_)MtZ)cos(?rJSMtZ)

—2M, S, sin(€t;)cos(mIgpt;)sin(yty)sin(mdgyts)

During ACQ. —25,1,, sin(Qyt;)sin(mgyt;)sin(dgy21)sin(md;s21)
Hem = L(Qt,) \!

=28, 1, sin(Qty)sin(mIgpt;)sin(mdgy27)sin(ndis2t)cos(€2t,)
+2S, 1, sin(Qyt;)sin(mdgpyt;)sin(mdgy2t)sin(nd s21)sin(Qt,)
A =2L8,(J,st,) \!

—25,1,, sin(Qyt;)sin(mdgpyt;)sin(ndsy21)sin(md;s27)cos(€2t,)cos(md st,)
+1, sin(ty)sin(mdgyt,)sin(mdgy,21)sin(md,s2t)cos(t,)sin(md sty)
+2S, 1, sin(Qyt;)sin(ndgyt,)sin(mdgy,21)sin(wd s21)sin(€t,)cos(md st,)
+1y, sin(Qt;)sin(mdgyty)sin(dsy2t)sin(md s21)sin(€ty)sin(md;st,)



During ACQ. -25,M, sin(Et;)sin(rd;sty)sin(nd;s21)sin(ndgy21)
Hem = M,(Qyt,) \!

—25,M, sin(Qt;)sin(rd;st;)sin(nd s21)sin(dsp27)cos(Qpty)
+2S,M, sin(Q,t;)sin(rd st,)sin(md,s21)sin(mdgy,27)sin(Qpty)
I:I - 2MZgZ(‘JSMTCt2) \L

—25,M, sin(Qt;)sin(mtd;st;)sin(nd s21)sin(mdsp27)coS(Qpty) cos(mtgmt,)
+M, sin(t,)sin(nd st;)sin(nd,s2t)sin(mdgy,2t)cos(Qyt,)sin(mdgyt,) S
+2S,M, sin(Q,t;)sin(rd st;)sin(md,s21t)sin(mdgy,27)sin(Qyt,)cos(mtIgyts)
+M, sin(Ct;)sin(md sty )sin(nd;s27)sin(mIgy27)sin(Qyt;)sin(mIgyt,)

memo 1: receiver on x
therefore only the four x term remain:

+1, sin(€Qt;)cos(md st;)cos(t,)cos(md sty)

+M, sin(Qpt;)cos(mtIgpt;)cos(2yt,)cos(mtIgyty)

+1, sin(Qpty)sin(mdgyty)sin(ndgy2t)sin(md s2t)cos(€t,)sin(nd st,)
+M, sin(Q,t;)sin(rd st;)sin(md ;s2t)sin(mgy21)CoS(C2pyty)Sin(mdgpts)

The term o = sin(nJgy,27t)sin(nd s27) is the transfer function between | and M. Now:

+1, sin(Qt;)cos(md st;)cos(Q,t,)cos(md st,)

+M, sin(Qt;)cos(mIgyt;)cos(Qyt,)cos(mtdgytsy)
+1.a sin(Qyt;)sin(rdgyt;)cos(Qt,)sin(nd st,)
+M, a sin(t;)sin(md st;)cos(Qyt,)sin(mIgyt,)



memo 2. sin(A)cos(B ) = 1/2[sin(A+B)+sin(A-B)]
cos(A)sin(B ) = 1/2[sin(A+B)-sin(A-B)]
sin(A)sin(B ) = 1/2[cos(A-B)-cos(A+B)]
cos(A)cos(B ) = 1/2[cos(A+B)+cos(A-B)]
therefore:

141, [+sinf(Q +1dig)t} +sin{(Q 1)t} 1[+cos{(C +mdie)t, I+ cos{( ~mis)t,}]
+1/4AM, - [+sin{ (€2, + gyt FHsIN{ (€2 —dsp)t H[+C0os{ (2 +tIsp)t}+cos{(C2y—T)t 3]
+1/4 1, o [+cos{(Q—mIgy)t }-cos{ (2t g )t HI+sin{ (€2 +mdg)t; }- sin{(€) —1d i)t }]
+1/4M,a[+cos{(Q ~mdist,} - cos{( +mlt} TT+sind(Qy+my)t}- sin{(Qy-mgy)t}]
the following terms can be found I, [+.+.+.+.]at Q ,Q
Lttt ]at Q, Qy
I, [+.- ..+. -.]at Q,, Q
+.. -.]Jat Q ,Q

memo: line shapes
positive absorptive (+a),
negative absorptive (-a),
positive dispersive (+d),
negative dispersive (-d),
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if one sets the phase that sin is absorptive (a) in t; | \/

cos is absorptive (d) int,

I, [ta..+a..+a.. +a.]at Q, Q
M,[+a .. +a.. +a.. +a.]at Q,, Q
I, [+d..—d. +d ..—d.]at Q,, O,
M,[+d..—d ..+d..-d.]at Q,, Q,

so the diagonals have absorptive and all off-diagonals have dispersive line shape. As expected
for a COSY type spectrum.

M| d-d a a/ The term o = sin(nJgy,21)sin(nd,s21) term can
d d a @ be maximised if
3 / T =1/(4],5) as well as t = 1/(4]g)).
- d -d but in general Jq# Jgy,
a a -d d
/




