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Chapter 15: Two-dimensional spectra based on scalar
coupling: COSY and TOCSY experiments
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This chapter describes the two-dimensional heteronuclear and homonuclear COSY experiments and the homonuclear TOCSY experiment. This notebook,
however, only deals with the COSY experiments, because the TOCSY experiment does not satisfy the weak coupling limit, making its analysis much more
difficult.

The worksheet uses the definitions found in 2spinLib.mac. These definitions, where appropriate, assume the weak- coupling limit.

(%11) load("2spinLib.mac")

Removing the $ symbol at the end of the command below and executing the command will output a list of all of the functions defined by the 2spinLib.mac
library, and the packages it loads.

(%12) functions

2 15.1 A simplified heteronuclear COSY experiment
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2.1 Starting with the lalpha alpha> state
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(%13) k_aa
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0

0
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(%03)

The initial pulse is a pi/2 y pulse applied to the S-magnetization

(%14) k_hetCosyaal:psiP12YS(k_aa)
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(%15) allMagPsi(k_hetCosyaal)

<Ix>= 0
<Ily>= 20
<lIz>= —
“7T 3
< Sx > :
X >= —
2
<Sy>=0
<Sz>=0
(%05)
Fig 15.3

The first pulse is followed by the incremented delay time, with duration t1

(%16) k_hetCosyaa2:psiTime(k_hetCosyaal,tl)

( e_i.ﬂ.z1-< %+nul+nuS) )
V2
il (_ % +nu]—nuS>
V2
0
\ 0 )

(%06) ¢

(%17) allMagPsi(k_hetCosyaa2)

<Ix>= 0
<Ily>= 10
<1 >—1
©7T 2
< §p > cos(2-7r-t]-;uS+7z-t]-J)
< Sy >= sm2-xz-tl -nuS+x-tl-J)
2
<S§z>=0
(%07)

(%18) allCorrPsi(k_hetCosyaa?)

<IxSx>= 0

< IxSy>= 0

<IxSz>= 0

<IySx>= 0

<IySy>= 0

<IySz>= 0

< I2Sx >— cos(2-m-tl -ZuS+ﬂ-tl - J)
sm2-7-tl -nuS+mx-tl-J)

< IzSy >= 1

<Iz8z>= 0

(%08)



The t1 interval is followed by a non-selective pi/2 y pulse

(%19) k_hetCosyaa3:psiPi12Y(k_hetCosyaa2)
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(%110) allMagPsi(k_hetCosyaa3)

1
<Ix>= —
)
<Ily>=0
<Iz>= 0
<Sx>=0
sm2-z7-tl -nuS+m-tl-J)
<S8y >= >
2-7m-tl-nuS tl - J
< S7 o _cos( T nuS + )
2
(%010)

(%111) allCorrPsi(k_hetCosyaa3)

<IxSx>= 0
sm2-x-tl -nuS+nx-tl-J)
< IxSy >= 1
cosQ-m-tl -nuS+nm-tl-J)
< Ix$§7>= — 1
<IySx>= 0
<IySy>= 0
<IySz>= 0
<Iz85x>= 0
<IzSy>= 0
<Iz8z>= 0
(%011)

The time evolution of the wavefunction during the data acquisition period is

(%112) k_hetCosyaat2:psiTime(k_hetCosyaa3,t2)
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(%113) allMagPsi(k_hetCosyaat2)

—2-cosR-m-t2-nul—nm-12-J)—2-cosQR-n-2-nul+nr-t2-J)+cosQR-nw-tl-nuS—-2-7n-22-nul+@x-tl —m-12):

<Ix>= —
< v —2-smQ2-7w-2-nul—nx-12-J)=2-sin2-7w-122-nul+n-t2-J)—sin2Q-7w-tl - nuS—-2-7-12-nul+x-tl—m-12)-.
y>= -
<Iz>=0
Sk —cos(-m-t2-2-w-t]) - nuS+(—n-tl—mw-12)-J)—cos(2-wn-12=-2-m-t])- nuS+(x-12—-nm-tl)-J)+cos((2-rm-tl
X >=
8
P —sin(2-7-2-2-m-t]) - nuS+(—n-tl—nm-12)-J)—sm(2-w-12-2-mw-t]) - nuS+x-t2—m-tl)-J)+sin((2-x-1tl-
y =
8
< Sz o= _COS(Z-ﬂ-t]-nuS+7t-t]-J)
2
(%013)

The output from the allMagPsi function is rather involved, but we can use the result to show how the resulting signal changes as the t1 interval is incremented.
We assign the result for Ix to a symbol, and then separate out the terms related to t1

(%114) Ix_hetCosyaa:meanPsi(Ix,k_hetCosyaat2)

—2:cosRn-t2-nul—n-12-J)—2-cosQR-n-122-nul+nr-12-J)+cosQQ-nm-tl nuS—-2 -n-12 - nul+x-tl —rm-12

(%014) —

(%115) expand(%)

cosR-zm-tl -nuS+2-7-122-nul+nx-12-J+nxm-tl-J) cosQ-mw-tl-nuS+2-n-t2-nul—n-t2-J+n-tl-J) co
(%015) — . + . +

(%116) trigexpand(%)

\mathrm{\tt (\%016) }\quad -\frac{\mathrm{cos}\left( \pi \cdot \mathit{tl}\cdot J\right) \cdot \mathrm{cos}\left( \p1i \cdot \mathit{t2}

(%117) ratsimp(%)

—cos(m-12-J)-cosQ-mw-t2-nul)y—cos(m-tl-J)y-sim(x-t2-J)-smQ@2-x-t2-nul)-cos(2Q-nm-tl-nuS)+sin(x-tl-J)

0ol —
(%017) >

there are four terms containing t1: sin(pi*t1*), sin(2*t1*nuS), cos(pi*t1*j) and cos(2*pi*t1*nuS) To keep these from being mixed back into the terms for t2, we
temporarily substitute them with arbitrary symbols

(%118) Ix_hetCosyaa:subst([sin(¥%pi*tl*])=a, sin(2*%pi*t1*nuS)=b, cos(¥pi*tl*]I)=c,cos(2*%¥pi*t1*nuS)=d],%)

—cos(m-t2-J)-cosQ-mw-12-nul)+a-b-sin(x-12-J)-simQ2-zn-12-nul)—c-d-sim(x-t2-J)-sin(2-x-1t2-nul)

(018)  —
(%018) 5

(%119) Ix_hetCosyaa:ratsimp(Ix_hetCosyaa4)

(%019) Ix_hetCosyaa4

Now combine the trig terms back using trig reduce

(%120) Ix_hetCosyaa:trigreduce(Ix_hetCosyaa4)
(%020) Ix_hetCosyaa4

for (-c*d+a*b+1)

(%121) -cos(Bpi*tl*])*cos(2*%pi*t1*nuS)+sin(Bpi*t1*])*sin(2*%p1*t1*nuS)+1
(%021) sin(w-tl-J)-sin(2-7w-tl -nuS)—cos(zw-tl-J)-cos2-xm-tl-nuS)+1
(%122) trigreduce(%)

(%022) 1—cosQ2-m-tl -nuS+n-tl-J)

for (c*d-a*b+1)



(%123) cos(¥pi*tl1*I)*cos(2*¥pi*t1*nuS)-sin(Bpi*t1*I)*sin(2*%p1*t1*nuS)+1
(%023) —sin(z-tl-J)-sin(2-z7x-tl -nuS)+cos(zm-tl-J)-cos(2-x-tl- -nuS)+1
(%124) trigreduce(%)

(%024) cos-m-tl -nuS+nx-tl-J)+1

Substitute these back

(%125) Ix_hetCosyaa
(%025) Ix_hetCosyaa4

(%126) Ix_hetCosyaa:subst([(-c*d+a*b+1)=(1-cos(2*¥pi*t1*nuS+%p1*tl1*])), (c*d-a*b+1l)=
(cos(2*%p1*t1*nuS+%pi*t1*]1)+1)], Ix_hetCosyaa5)

(%026) Ix_hetCosyaa5

This confirms that the two frequency components generated during t2 are modulated by the evolution of the S-magnetization during the t1 period.
With t1=0

(%127) subst(tl=0,Ix_hetCosyaa)

(%027) Ix_hetCosyaa5

With t1 set to 1/(4*(nuS+J/2)). The immediate result of this is rather ugly, but trig reduce simplifies it to show that the two I-spin frequencies make equal
contributions.

(%128) subst(tl=1/(4*(nuS+1/2)),Ix_hetCosyaa)
(%028) Ix_hetCosyaad

(%129) trigreduce(%)

(%029) Ix_hetCosyaad

With t1 set to 1/(2*(nuS+J/2)). The immediate output is suppressed, but the $ can be removed to see it.

(%130) subst(tl=1/(2*(nuS+1/2)),Ix_hetCosyaa)
(%131) trigreduce(%)

(%031) Ix_hetCosyaad

With t1 set to 3/(4*(nuS+J/2)). The immediate output is suppressed, but the $ can be removed to see it.

(%132) subst(t1=3/(4*(nuS+1/2)),Ix_hetCosyaa)
(%133) trigreduce(%)

(%033) Ix_hetCosyaad

With t1 set to 1/(nuS+J/2) The immediate output is suppressed, but the $ can be removed to see it.

(%134) subst(tl=1/((nuS+1/2)),Ix_hetCosyaa)
(%135) trigreduce(%)

(%035) Ix_hetCosyaad

These results show that the relative contributions of the two I-spin frequencies vary cyclically with the duration of the t1 period, in this case, according to the
frequency nuS1 = nuS + J/2.

Fig. 15.4

2.2 15.1.2 Starting with the Ibeta alpha> state



Page 429

To automate the calculation of the wavefunctions for the other starting states, we define a function describing the effects of the preparation period on the initial
wavefunction

(%136) psiHetCosy(k,t1):=psiP12Y(psiTime(psiP12YS(k),t1))
(%036) psiHetCosy (k, t1) := psiPi2Y (psiTime (psiPi2YS (k) , t1))

(%137) psiHetCosy(k_ba,tl)
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(%138) allMagPsi(%)
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<S8y >=
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2
(%038)

The evolution of the wavefunction during the data acquisition period
(%139) k_hetCosybat2:psiTime(psiHetCosy(k_ba,tl),t2)
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The evolution of the magnetization components

(%140) allMagPsi(k_hetCosybat2)



—2-cos2-nm-t2-nul—nm-t2-J)—2-cosQ-nmn-t12-nul+n-t2-J)y+cos@-nm-tl - nuS—-2 -n-12-nul+(—n-tl—m-12)

< Ix>=
< v —2-smQ2-7w-t2-nul—x-12-J)=2-sin2-7w-122-nul+n-t2-J)—sin2-7w-tl - nuS—-2-7-12-nul+(—n-tl —m-12)-.
y =
<Iz>=0
Sk —cos(2-nw-t2-2 -mw-tl)y-nuS+x-tl —nm-t2)-J)—cos(2-nw-12=2-7m-t]) - nuS+m-tl+n-1t2)-J)+cos((2-nm-tl+
X >=
8
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8
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The results for the I-magnetization components can be simplified by following the same strategy as shown for the results starting with k_aa

2.3 15.1.3 Starting with the lalpha beta> or Ibeta beta> states
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The quantum mechanical calculations are carried out in the same way as shown for the two other starting states.

3 15.2 The homonuclear COSY experiment

Page 435

Start with a non-selective pi/2 y-pulse to the k_aa state.

(%141) k_aa

(1)
0

0
Wy

(%041)

(%142) k_hhCosyaal:psiPi2Y(k_aa)

~
—

(%042)

D= D= D= =
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(%143) allMagPsi(k_hhCosyaal)

1
<Ix>= —
Y75
<Iy>=20
<Iz>=0
1
< Sx >= —
Y75
<Sy>= 0
<Sz>=0
(%043)

The incremented t1 evolution period

(%144) k_hhCosyaa2:psiTime(Ck_hhCosyaal,tl)
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(%145) allMagPsi(k_hhCosyaa2)

cosRQ-nm-tl -nul—m-tl-J)+cosQ-m-tl -nul+mx-tl-J)

< Ix>= 1
sm2-zm-tl -nul—m-tl-J)y+smQ2-xm-tl -nul+mx-tl-J)
<ly>=
4
<Iz>=0
cosQ-m-tl -nuS—nm-tl-J)+cosQ-mw-tl -nuS+nm-tl-J)
< Sx >= 1
sm2-7-tl -nuS—n-tl-J)+smQ2-x-tl -nuS+nr-tl-J)
< Sy >=
4
<S§z>=0
(%045)
Fig. 15.14

The second non-selective pi/2 y-pulse

(%146) k_hhCosyaa3:psiPi2Y(k_hhCosyaa2)
(%147) allMagPsi(k_hhCosyaa3)

<Ix>=0
sm2-x-tl -nul—a-tl-J)+sin2-x-tl -nul+nx-tl-J)
<ly>= 1
cosQ-m-tl -nul—m-tl-J)+cosQRQ-m-tl -nul+m-tl-J)
<lIz>= —
4
<Sx>=0
sm2-7-tl -nuS—n-tl-J)+smQ2-x-tl -nuS+nr-tl-J)
< Sy >= 1
cosQ-m-tl -nuS—nm-tl-J)+cosQ-mw-tl -nuS+n-tl-J)
< Sz>= —
4
(%04T)
Fig. 15.15

The expressions generated by Maxima for the time-dependent magnetization components during the t2 data-acquisition period are each very long and
complicated. For instance, the expression for ly is:

(%148) Iy_hhcosy:meanPsi(ly,psiTime(k_hhCosyaa3,t2))

sin(2-z-2-2-m-tl) - nul+(-n-tl—n-12)-)+sin(2L-zn-12=-2 -m-tl)-nul+x-tl —nw-12)-J)+sin((2-7-12

(%048) —

Going from here to the expression in the text takes some doing, but it can be done!

(%149) Iy_hhcosyl:expand(Iy_hhcosy)

(%049) sn2-x-tl-nuS+2-7-122-nul+2-7-tl -nul+x-12-J) +sin(2-7r-t]-nuS+2-7z-t2-nuI+2-7r-t]-nul—iz-tZ
00 —
16 16

(%150) Iy_hhcosy2:ratsimp(trigexpand(ly_hhcosyl))



cos(m-tl-J)y-cos(m-t2-J)-smQ@2-nmw-tl -nul)-cos(Q-n-t2-nul)+sin(x-t2-J)-smQ2-n-tl - -nul)-sin(2-x-1t2-nul) -

(%050) 2

As shown above for the results for the heteronuclear COSY experiment, we separate out the terms for t1 by making substitutions: sin(%pi*t1*J) =a
sin(2*%pi*t1*nuS)=b sin(2*%pi*t1*nul)=c cos(2*%pi*t1*nuS)=d cos(%pi*t1*J)=e

(%151) Iy_hhcosy3:subst([sin(%pi1*t1*])
=a,s1in(2*%p1*t1*nuS)=b,sin(2*%pi*t1*nul)=c,cos(2*%pi*t1*nuS)=d,cos(¥pi*tl*])=e],Iy_hhcosy2)

c-e-cos(m-12-J)y-cosR-n-122-nul)+a-b-smx-t2-J)-cosRRQ-n-t2-nul)+c-d-sim(zx-1t2-J)-sin(2-x-12-nul)

00b1
(%051) >

(%152) Iy_hhcosy4:trigreduce(Ily_hhcosy3)

(c-e+c-d)-cosRQ-mw-t2-nul—n-12-J)—a-b-smQ2-m-t2-nul—-n-12-J)+(c-e—c-d)y-cosQ-n-12-nul+nx-1t2-
4

(%052)

Before trying to substitute things back, we want to convert the trig products into sums. To simplify the substitution expression, we define the substitutions and
assign them to symbols.
a*b

(%153) sin(¥pi*t1*])*sin(2*%p1*t1*nusS)
(%053) sin(zw-tl-J)-sin(2-x-tl-nuS)
(%154) trigreduce(%)

cosRQ-nm-tl -nuS—nm-tl-J) cosQQ-n-tl-nuS+nx-tl-J)

%054
(%054) > >

(%155) ratsimp(%)

cos2-zm-tl -nuS+n-tl-J)—cosQ-nmw-tl -nuS—m-tl-J)
2

(%055) —

(%156) subl:a*b=%

cosRQ-m-tl -nuS+nm-tl-J)—cosQ-mw-tl -nuS—m-tl-J)

%056 - b =
(%056) a 5

c*e-c*d
(%157) sin(2*%pi*tl1*nul)*cos(¥%pi*tl1*]) -sin(2*%pi*t1*nul)*cos(2*%pi*t1*nusS)
(%057) cos(mw-tl-J)-sin(Q-mw-tl-nul)—sin(2-x7-tl-nul)-cos2-x-tl-nuS)

(%158) trigreduce(%)

sn(2-x-tl-nuS+2-x-tl-nul N sin(2-x-tl-nuS—2-x-tl-nul) +sin(2-7r-t]-nu]+7r-t]-]) +sin(2-7r-t]-

(%058) — > > 5

(%159) ratsimp(%)

—sin2-z-tl -nul—n-tl-J)—simQ@Q-x-tl -nul+rx-tl-J)—sinQR-x-tl - nuS—-2-r7-tl -nul)+sin(2-x-tl-nuS+

6059)  —
(%059) >

(%160) sub?l:(c*e-c*d)=%

—sin 2 -zt -nul—n-tl-J)—smQ2-za-tl -nul+nx-tl-J)—smQ@-xz-tl -nuS—2-x7-tl-nul)+ sin(2 -
2

(%060) c-e—c-d=-—
c*e+c*d
(%161) sin(2*%pi*t1*nul)*cos(¥%pi*t1*])+sin(2*%pi*t1*nul)*cos(2*%p1i*t1*nusS)

(%061) sin2-m-tl-nul)-cos(Q-m-tl-nuS)y+cos(zw-tl-J)-sin(2-x-tl-nul)

(%162) trigreduce(%)



sm2-m-tl-nuS+2-n-tl -nul) smQ@-x-tl-nuS—2-x-tl-nul) +sin(2-7r-t]-nul+7t-t]-]) +sin(2-7z-t]-nu1

%062
(%o002) 2 2 2 2

(%163) ratsimp(%)

sm2-7-tl -nul—m-tl-J)+smQ2-zm-tl -nul+nm-tl-J)—sinQ2-7w-tl - nuS—2-7-tl -nul)+sin(2-7-tl -nuS+2-nxn

(%063) 5

(%164) sub3:(c*e+c*d)=%

smn2-z-tl-nul—n-tl-J)+smQ-xm-tl-nul+nx-tl-J)y—smQ@2-zm-tl-nuS—2-n7-tl -nul)+sin(2- -7 -1t

(%064) C‘€+C-d= .

Now, doing the substitution

(%165) Iy_hhcosy4

(c-e+c-d)-cosRQ-m-t2-nul—n-12-J)—a-b-smQ2-n-t2-nul—-n-12-J)+(c-e—c-d)y-cosQ-n-12-nul+nx-1t2-

(%065) y

(%166) Iy_hhcosy5:subst([subl,sub2,sub3],Iy_hhcosy4)

_a-b-sin (2 a2 nul— 12 J) +a-b-sin (2 x-2 nul+ -2 J) _ cos2-w-t2-nul+n-12-J)-(—sin(2-z-t1 -nul—rn-t1-J)—sin(2-z-t1 -nul+n-t1-J)
2
(%066)

This doesn't't quite work! The reason is that a*b is not recognized as an "atom" in Maxima, that is as a fundamental part of the expression. The parts of an
expression can be identified, and used in other expressions, using the part function. This function takes two arguments, an expression and an integer
identifying the part

(%167) part(ly_hhcosy4,1)

(%067) a-b-smQ2-z7-t2-nul+nm-12-J)+(c-e—c-d)-cosR-nw-12-nul+r-12-J)—a-b-simQ2-zw-12-nul—nx-1t2-J)+ (c-
(%168) part(ly_hhcosy4,2)

(%068) 4

The first part can be broken down further

(%169) part(part(Iy_hhcosy4,1),1)

(%069) a-b-sim2-7w-122-nul+x-12-J)

This can also be written in a more compact form by providing additional arguments to part, each identifying a part index of the preceding part:
(%170) part(Ily_hhcosy4,1,1)

(%070) (c-e+c-d)-cosR-mw-12-nul—rx-12-J)

This can be taken apart further

(%171) part(ly_hhcosy4,1,1,1)

(%071) c-e+c-d

The term b is:

(%172) part(ly_hhcosy4,1,1,2)
(%072) cos-mw-12-nul—m-12-J)

This shows us what the problem is: a and b are separate atoms. One way to solve this problem is to use the ratsubst function, which is similar to subst, but
incorporates some algebraic knowledge. The use of ratsubst is also somewhat more restrictive than subst and must be used in the form:
ratsubst(a,b,c) which results in the substitution of a for b in c.

Going back to the form from the previous substitution

(%173) Iy_hhcosy5



cos2-nw-t2-nul+r-t2-J)-(—sinQ2-x-tl-nul—n-t1-J)—sin(2-x-tl -nul+n-t1-J)

—a-b-smQ-7m-122-nul—rn-12-J)+a-b-smQ2-xm-12-nul+n-12-J)— 5
(%073)

The substitution that is left to make was defined previously as sub1

(%174) subl

cos2-zm-tl -nuS+n-tl-J)—cosQ-nmw-tl-nuS—mx-tl-J)
2

(%074) a-b=
Using ratsubst to make the substitution

(%175) Iy_hhcosy6:ratsubst(-(cos(2*%pi*tl1*nuS+%pi*tl1*])-cos(2*¥pi*tl*nuS-%pi*tl1*]))/2,a*b,Iy_hhcosy5)

(%075) (—=smQQ-zm-tl -nul+rx-tl-J)y—smQ2-m-tl -nul—nx-tl-J)-cosQR-n-2-nul—n-122-J)+(-smQ2-x-tl- -nul+r-
00 —

(%176) Iy_hhcosy7:expand(Iy_hhcosy6)

cosRQ-mw-122-nul+nm-1t2-J)-sin(2Q-w-tl -nuS+2-m-tl-nul) cosQQ-n-12-nul—m-1t2-J)-sin(2-x-tl- -nuS+?2
(%076) — n

8 8

This is basically the same as the form shown as Eq. 15.2, and we can use the part function to pull it apart and reassembile it in that form
For line a

(%177) part(ly_hhcosy7,9) + part(Ily_hhcosy7,10)

sn2-x-tl -nul+nx-tl-J)y-cosQ-nm-12-nul+nx-1t2-J) +sin(2-7z-t]-nul—fc-tl-J)-cos(2-fc-t2-nul+7t-t2-J)
8 8

(%077T)

(%178) factor(%)

(sin(w-tl-Q-nul—=J)+sin(xz-tl-Q2-nul+J))-cos(x-12-Q2-nul+J))
8

(%078)

line b

(%179) part(Ily_hhcosy7,11)+part(Iy_hhcosy7,12)

sm2-x-tl -nul+nx-tl-J)y-cosQR-n-t2-nul—n-1t2-J) +sin(2-7r-t]-nu[—7r-t]-J)-cos(2-7r-t2-nul—ﬂ-tZ-J)

%079
(%079) 2 2

(%180) factor(%)

cos(m-12-Q-nul—=J)-(sin(zw-tl-Q-nul—J)+sin(z-tl-Q2-nul+J)))

%080
(%030) 2

line ¢

(%181) part(Ily_hhcosy7,5) + part(Iy_hhcosy7,7)

sm2-7-12-nul+n-12-J)-cosQR-nw-tl-nuS—nmn-tl-J) smQ-m-122-nul+nxn-12-J)-cosQ-m-tl-nuS+nx-tl-J)
8 8

(%081)

(%182) factor(%)

sin(zw-12-Q2-nul+J))-(cos(m-tl -2 -nuS+J))—cos(x-tl-2-nuS—1J)))

6082)  —
(%082) 3

line d

(%183) part(ly_hhcosy7,6) + part(Iy_hhcosy7,8)

sm2-7-t2-nul—m-1t2-J)y-cosQQ-n-tl-nuS+n-tl-J) smQ2-m-12-nul—n-t2-J)-cosQQ-nx-tl-nuS—nx-tl-J)

(%083) 2 3

(%184) factor(%)



sin(w-12-Q2-nul—J))-(cos(mw-tl -2 -nuS+J))—cos(x-tl-2-nuS—1J)))

0034
(%084) 3

line e

(%185) part(Ily_hhcosy7,3) + part(Iy_hhcosy7,1)

(%085) cosR-m-12-nul+nm-12-J)-smQ2-mw-tl - nuS—2-mw-tl -nul) cosQ-m-122-nul+x-12-J)-smQ2-x-tl -nuS+2-n
00 —

3 3
(%186) factor(%)

cos(z-12-Q2-nul+J))-(sin(2-7-tl-@muS+nul))—sin(2-x-tl-(nuS — nul)))
8

(%086) —

line f

(%187) part(Ily_hhcosy7,4) + part(Iy_hhcosy7,2)

cosRQ-mw-12-nul—nm-12-J)-sin(Q-7w-tl -nuS+2-7m-tl -nul) cosQL-m-122-nul—na-12-J)-sin(2Q-zx-tl -nuS—-2-n

0087
(%087) 2 2

(%188) factor(%)

cos(m-12-Q2-nul—J))-(sin(2-7-tl-nuS+nul)) —sin(2 -z -tl - (nuS — nul)))

6088
(%088) g

3.1 15.2.1 Origin of the anti-phase COSY components
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The magnetization components and correlations that are present at the end of the t1 evolution period, before the second pulse.

(%189) allMagPsi(k_hhCosyaa2)

cosRQ-nm-tl -nul—m-tl-J)+cosQ-nm-tl -nul+mx-tl-J)
< Ix>=

4
sm2-zm-tl -nul—m-tl-J)y+smQ2-xm-tl -nul+mx-tl-J)
<ly>=
4
<Iz>= 0
cosRQ-m-tl -nuS—nm-tl-J)+cosQ-mw-tl -nuS+nm-tl-J)
< Sx >= 1
sm2-7m-tl-nuS—nm-tl-J)+sin2-7-tl -nuS+nr-tl-J)
< Sy >=
4
<Sz>=0
(%089)

(%190) allCorrPsi(k_hhCosyaa2)



cos2Q-m-tl - nuS—2 -nw-tl -nul)+cosQ-n-tl -nuS+2-n-tl-nul

< IxSx >= 2
sm2-7-tl -nuS—-2-7-tl -nul)+sinQ2-x-tl -nuS+2-x-tl-nul)
< IxSy >= 2
cosRQ-nm-tl -nul+nm-tl-J)—cosQ-nm-tl -nul—m-tl-J)
< IxSz >= 2
sn2-z-tl-nuS+2-7-tl -nul)—smQ@2-x-tl-nuS—2-x-tl-nul
< IySx >= 2
cosRQ-mw-tl -nuS+2 -mw-tl -nul)—cosQ-n-tl -nuS—2-x-tl-nul)
< IySy >= — g
sm2-zm-tl -nul+nx-tl-J)y—smQ-xm-tl -nul—m-tl-J)
< IySz >= 2
cosRQ-m-tl -nuS+nm-tl-J)—cosQ-mw-tl -nuS—nm-tl-J)
< Iz8x >= 2
sn2-7-tl -nuS+n-tl-J)—smQ2-x-tl-nuS—nm-tl-J)
< IzSy >= 2
<Iz85z>= 0
(%090)
Figs. 15.16 and 15.17
After the second pulse:
(%191) allMagPsi(k_hhCosyaa3)
<Ix>=0
sm2-x-tl - nul—a-tl-J)+simQ2-x-tl -nul+nx-tl-J)
<ly>= 1
cosRQ-nm-tl -nul—m-tl-J)+cosQRQ-m-tl -nul+mx-tl-J)
<lIz>= —
4
<Sx>=0
smn2-7-tl -nuS—n-tl-J)+smQ-x-tl -nuS+nr-tl-J)
< Sy >= 1
cosQ-m-tl -nuS—nm-tl-J)+cosQ-mw-tl -nuS+n-tl-J)
< Sz>= —
4
(%091)
(%192) allCorrPsi(k_hhCosyaa3)
<IxSx>= 0
smn2-x-tl-nuS+nx-tl-J)y—smQ@-x-tl-nuS—nx-tl-J)
< IxSy >= g
cosQ-m-tl -nuS+nm-tl-J)—cosQRQ-nm-tl -nuS—nm-tl-J)
< IxSz >= — 2
sn2-x-tl -nul+nx-tl-J)y—smQ@Q-x-tl-nul—nx-tl-J)
< IySx >= S
cosRQ-m-tl -nuS+2 -mw-tl -nul)—cosQ-n-tl -nuS—2-x-tl-nul)
< IySy >= — g
< IySz >= _sin(2-ﬂ-t]-nuS+2-ﬂ-tI-nul);sin(Z-ﬂ-t]-nuS—2-ﬂ-tI-nuI)
cos2-zm-tl -nul+nm-tl-J)—cosQ-zm-tl -nul—nx-tl-J)
< Iz8x >= — S
< ISy >= _sin(2-ﬂ-t]-nuS—2-zz-t]-nul)—lg—sin(Z-ﬂ-t]-nuS+2-ﬂ-tI-nuI)
cos2-m-tl -nuS—2-m-tl -nul)+cos2-z-tl-nuS+2-x-tl-nul)
< 1787 >=
8
(%092)

Fig. 15.18



Of the components listed above, Sz, IxSz, Sy and IxSy are the ones that come from the Sx magnetization present after the first pulse. The IxSz component
will evolve into observable I-magnetization during the data-acquisition period. The magnitude of this component is determined by nuS and the length of the t1
evolution period, but it's evolution frequencies during the data-acquisition period are nul+J/2 and nul-J/2.
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