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Two Dimensional NMR Spectra

A General Scheme: other mixing and evolution
periods can be added to increase dimensions

Preparation

Evolution 1
(Increment t1)

Mixing

Evolution 2

(observe t2)

time

Example: COSY — mixing Is scalar coupling

d1 (recover)

90x

t1 (evolve)

90x (mix)

t2 (observe)




2D —NMR - FIDs are Transformed in t2, then in t1

t1




COSY for an AX Spin System
Using Product Operators

chemical shift scalar coupling
Basis set : (oo, af, fo BB)

Using product operator transformation tables,
or Kanters’ POF procedures for MAPLE:

>stepl:=spinsystem([A,X]); sfepl = 0z o+ Iz~

»step2:=xpulse(stepl,{A,X},P1/2);

steps = -fp g - Irw



Evolution Step Combines All parts of Hamiltonian
in Kanters’ POF Approach

> step3:=evolve(step2,{A,X}, tl);

sfepd = -Cos(d T Wy fl) 0y 4 Cos(mly 81
+ 2 Coa(d Mg £I) Ty g Ie - M Sy ST
+ Al W EX) Tx g Cosim g 58T
+ ANl W EI) Iy g Tea-Hnim f g )
- sl 9w W ET) Sp - Coa(m Sy 58]
+ 2 Coa(d o M ET) Txnrde g n(m Sy SE )
+ M0l W fT) Ty Cos( g 5E1)
+ A N W ET) fp et g Nnim Sy )



Can Also use Transformation Table

Because elements of H commute
operators can be applied successively

(mJt) 21701 2x
IYA """"""" 9 COS(TCthl)IYA - Sin(ﬂ:\]tl)ZIXAIZX

(@At (Ixa+15y)
cos(rmdt)) Iy 5 -------------- >
cos(mdt;)cos(maty) Iy — cos(ndt,)sin(wat;) Iya

(0at)(Ia+12%)
— sin(mJt)) 2l ol ~===-====----- -

Repeat for I, - get four more terms



Now the effect of another X pulse:

Ixa * Ixx
> stepd: = xpulse(step3, {A,X}, P1/2);
sfepd = -Coa(d W Mg 1) Iz g Cos(mly 5E5)
-2 Coa(d w W g 1) Ix g Dy Sim(m 0y 5-80)
+ ARl W 0 Tx g Cosim Sy 5 ET)
-2 8Nl W ) Je g s Sinim Sy 5-E1)
- Costd T W ET) T2 g Cos(m Ty 581
- 2 Cos(d w W) Ingr Iy g Sl Ty 58]
+ Snid w WD) Txy Costm f g 5rE])
- 2 Mmoo Ten- Ty g Minim Sy 5-E0)

some of the above are not observable (MQ,Z) — only retain observables
some X observables were modulated by properties of A in t1 — crosspeaks
some X observables were modulated by properties of X in tl1 - autopeaks



Observe: take the trace of result with Mx and My
operators (Iya+ Iyt Iyat lyy). 1S Y component

> step5:=observe(step4, {A,X}, t2,0);

shepls = ;_.-5511{2 LW D) G:-s{*.rl:{.;:;{ﬂ]l Cos(d m Wy 820 Cosim IJ.LIEE']I

+1—JT.-55?'!|:2 T E;'Iq-;':{ £ EJ‘!I::‘J'EJE Ifj:l Sl fo&'} EJ‘!IITI.'-..{{ xf.::.'-':l
2 a a2

+;_L55n{2 T WD) (g 5y Sn(d g b)) Snindy 5id)

+1—.-55?!|:2‘J'I:foj:| EJ‘!{‘J’EJE _;_-_"f.jjl G?SIIEEWEfEII EJ‘!{‘J’EJE ..'-'S.Ff':"':l:l
2 , ,

+ ;_.-551:{2 T W]y Cos{mFy I} Cosid mw Wytd) Cosimdy yid)

+1—JT.-55?'!|:2 T WIfj:I G:l.ﬁl:‘i"l.'-..-rj Ifj:l Snld W_.'s_-_"f.:::-':l Gﬁ'.ﬂl::'i"ﬂ..-r_.q If.::.'-':l
2 E a

+;_L55n{2 T W £} Cos{mFy I} Bnid w Wy &) Cos{miy i)
+1—.-55?!|:2‘J'I:W_.‘ifj:| EJ‘!{‘J’EJE _;_-_"f.jjl G?SIIEEWIfEII EJ‘!{‘J’EJE ..'-'S.Ff':"':l:l
2 , ,

Note: t1 must reach ~1/(2J) or sin terms make crosspeaks small



Useful Trigonometric ldentities:

 sin(A)cos(B) = V>
« cos(A)sin(B) = V>
 sin(A)sin(B

sin(A+B) + sin(A-B)]
sin(A+B) - sin(A-B)]

) = Y5[cos(A-B) - cos(A+B)]
* cos(A)cos(B) = V>

[cos(A+B) + cos(A-B)]

Previous expressions evolve at o +/- nd



Transforming these in t1 and t1 Gives a series of
Absorptive and Dispersive peaks at v +/- J/2

> specl:=

evalc(Re(FT(FT(step5,0,t2,v2),0,tl,v1l)))

1

D[ Wx'kl_._-rﬁ lr,'lr'g] J‘I‘].EJ[ Wx'k—..-rjﬁ'lr'j WE'FI—JEE;PE] Iy W‘g ;—..-rj ;ﬁ'lr'jJ
2 2 2 ] 2 ] 3

+ 1o

= 16

+1_A.E:

1&

+ L

1é

+ 1

14

+1_A.E:

1&

+ L

1é

+ 1

-

-

-

-

-

-

-

W;{"‘l—jﬁ;ﬁl’g] .AEJ[ Wx-l—jﬁ _x;'l-'j
a7 27

-

WX_I_UFEEPE LIy Wj"‘l_._prj ;L-;'I-'...r
27 27

-
WE-I_IEE;UE Iy Wj+1—jﬁ ﬁ'l-'j
277 277

H‘:.;-l_.fﬁ;s-;vé' LIy Wﬁ';—jﬁ}ﬁ”j]
2 H a

2 a 2 a

W}:-l_jﬁﬁl‘;l-'z Iy W}:-l_jﬁﬁl-'jJ
277 277
1 . 1
Wx+5..-r_'.g,_§5 'I-'E] .E![ W;{'Fiurj,;ﬁ 'l-'j]

2 t a




Sequence has no quadrature in V1

e Can set transmitter rf is to one side of spectrum,
but this reduces sensitivity

O® O® . Cos(w)=1/2 (exp(iw) + exp(-iw))
0O 00 . .
two opposite rotating components
o oe °Sin(w)=-i/2 (exp(iw)—exp(-iw))
80 @O  sum of two terms (i*sin) gives +w
0 [ *Solution: collect a second set
00 @O  setof data with sin modulation
O‘a..x C® In t1: accomplished by setting
00 ""”Q,O by settin.g seconq pglse to 90y,
O@® O®  andadding acquisitions to
AN AN imaginary part of memory




Elementary Phase cycle for COSY

90, 1 90, 2 03

Implement quadrature in t1
Correct for T1 recover in t1 — would give axial peak
Phase cycle:

$2 $2 $2 memory
X + real
X - real

X y + imag
y - iImag



Another problem: Dispersive and
Twisted Auto-Peaks (or Cross-Peaks)

« Long tails make cross- :'.":."_I_* —J o |
peaks close to diagonal |
hard to see I .

* One solution: magnitude spectrum — but lines are
still broad



Double-Quantum Filtered COSY

90x 90x 90x

t1 t2

Consider MQ term from page 7 and add x pulse

Note: both are absorptive (still antiphase)
Phase cycling needed to remove other pathways
Resonances from single lines (solvent) removed



Example of 2Q-Filtered COSY
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