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Purpose — measuring chemical exchange phenomenom
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Spin—-Echo NMR Studies of Chemical Exchange. I. Some General Aspects*

DMTCA DMCC
Method L, keal logyy Es keal logre

Spin echo 14.63-0.6 12.54+0.4 14.01+0.9 10.94:0.6

Peak separation® 10.34-1.7 9.6+41.3 8.6+1.7 6.9+1.2
9.1£1.0) {(8.5%0.8)

Intensity ratio® 12.61.2 11.040.9 9.74£0.5 7.7£0.4
. (13.6x1.2) (11.8%1.0)

Line narrowing® 14.14£0.5 12.00.3

(15.840.5) (13.54+0.3)

Intensity ratio® 9.940.3 9.140.2 7.3+0.5 6.1+0.3




Purpose — measuring chemical exchange phenomenon

Spin echoes

EL Hahn - Physical review, 1950 - APS

Intense radiofrequency power in the form of pulses is applied to an ensemble of spinsin a
liquid placed in a large static magnetic Geld H&. The frequency of the pulsed rf power
satisGes the condition for nuclear magnetic resonance, and the pulses last for times which ...

46322 °1E HEH f=AtE A 102 HE 2= HE

Effects of diffusion on free precession in nuclear magnetic resonance experiments

HY Carr, EM Purcell - Physical Review, 1954 - APS

... Page 3. H. Y. CARR AN D F. . M. PURCELL ~iiit Nii ~i~ i$4ii xiii ~ioi, iii i ~ ~ i ~ii ~i
+~4j aiii ~ + ... The spin-echo eftect is associated with the successive application of two or
more rf pulses. Hahn has described the eGect for equal pulse widths. ...

44062 21E #EHE =f=AtE A 1602l HA 2= NE




Spin echoes?
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Spin echo — Carr & Purcell Version
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Bloch’s equation with a diffusion term (E. Hahn, Phys. Rev. 1950)

du/di+[ Aw+8() Jv=—u/T,
dv/di—[Aw+6(1) Ju+wiM,=—v/T,
dMg/df—wl"iJ: - (M,"“ Mn)/Tl



Bloch’s equation with a diffusion term (E. Hahn, Phys. Rev. 1950)

du/di+[ Aw+8() Jv=—u/T,
dv/di—[Aw+6(1) Ju+wiM,=—v/T,
dMg/df—wl"iJ: - (M,"“ Mn)/Tl

Solution :
u(l)=(Aw/B)AQ+u(t;) F(t)=F() exp{—(¢t—t)/ T,
()= A sin(Bt+§)

M.(1)=—(14/B8)0+M.(15),

Q= cos(Bt+£)—cos(Bti+£) and B=[ (Aw)*+w? ]}

+i[Aw(t—t/)+ f 8(")de"]},



Bloch’s equation with a diffusion term (E. Hahn, Phys. Rev. 1950)

F()=F(/) exp{—=(¢—=¢t/)/T,

+i[Aw(t—t/)+ f §(")dt"]},



Bloch’s equation with a diffusion term (H.Y.Carr & E.M Purcell , Phys. Rev. 1954)

i a:lor-1
H,(jr)=H,0)4+Gt Y. a;.  7:residence time of step
i=l G : distance of step

N

¢p=¢—¢o=2 v H.(j7)—H.(0)]

=1

N

N i
=Goyr 2 X ai=Goyr L (N+1-j)a;.

j=1 i=1 j=1

F(O)=F(t) exp{—(1—t/)/ To— k8 |
+£[ﬂw(£—5ir}”¢’(fi’)jl Hahn’s results



Bloch’s equation with a diffusion term (H.Y.Carr & E.M Purcell , Phys. Rev. 1954)

F()y=F(t) exp{ — (t—t')/ To— 3k¢*

_I_il:ﬂw(!_hr)_@(hx)jl Hahn's results
METHOD B ° SINGLE EXPOSURE
N J
dp=¢p—o=G{yr 2 b; 2 ai t=Nr/2n,
=1 =l

M, ()= Mg exp[ (—1/T9)+ (—¥*G*D#/12n%)]. Carr&Purcell’s results



Spin echo — Meiboom & Gill Modification (CPMG experiments)

Carr-Purcell (CP) Pulse Sequence
TE TE TE

Hahn version CP version

signal

CPMG VerSion FID Echo 1 Echo 2 Echo 3



Spin-Echo NMR of chemical exchange I. Theory (A.Allerhand&H.S.Gutowsky, J. Phys. Chem 1964)

dﬂa/dt= - ((!Jq_W) Ya— (“a/ Tﬂa) - Cﬂuﬂ—l_cbub! dGa/dt= - ﬂ'aGa.+ Cbi?

d“b/dt= - ({.Ob"'&’) = (ub/ Tﬂ!) - Cbub'{—cauu, dGb/dt: CaGa._ abij

dve/dl= (wa—w)ts— (Va/ T2s) — Catat Cots— w1 M o,
Gi= ﬁk—l‘wk,

dvb/dt= ((lJb_ w)m— (Tr'b/ sz) - Cbﬂb-|—cat'a'—w1M,b.
ay=(1/To) +Cr~i(we—w).

Cu= 1’/7-.;; &Ild Cb= l/fb,

> (1/T2)=(1/T2)
+ P Py(6w)?r[1— (27/1,p) tanh(4.,/27) ].

Fast exchange limit
Approximation
(Z.Luz&S.Meiboom,
J. Phys. Chem 1963)




Numerical calculation Results (A.Allerhand&H.S.Gutowsky, J. Phys. Chem 1964)

TasLE L. Values of the “reduced’ echo-decay time constant 7°/7; in the Carr-Purcell experiment, as a function of the pulse separation i.,, calculated numerically
and by the Meiboom analytical approximation,® for the case of exchange between two sites,b with 7,%w=150.

Pa 0.5 0.5 0.3 0.5 0.3 0.1
T8/2r 20 30 150 500 500 500
T/t Exacte Approx.® Exact® Approx.® Exacte  Approxz.® Exactc  Approx.® Exact®  Approx.» Exact®  Approx.»

16.67 26.614 43.93 e .. 18.70 17.67 6.47 6.44 5.57 5.57 2.93 2.96
25.00 19.34= 24.90 35.14 30.14 17.50 16.62 6.37 6.34 5.49 5.49 2.90 2.92
50.00 7.44¢ 8.05 14 21b 14.41 13.97 13.53 6.09 6.06 5.26 3.25 2.80 2.82
62.50 5.33 5.61 10. 34t 10.56 12.35 12.06 5.94 5.92 v ses “en e
83.33 3.54 3.64 6.77 “6.90 10.00 9.%9 5.71 5.69 “es .es .ee e
100.00 2.80 2.84 5.18 5.26 8.49 8.43 5.52 5.50 4.78 4.78 2.60 2.62
125.00 2.17 2.19 3.78 3.82 6.73 6.72 5.23 5.22 4.55 4.54 2.51 2.52
166.67 1.66 1.67 2.61 2.63 4.82 4.83 4.77 4.76 4.16 4.16 2.34 2.35
250.00 1.30 1.30 1.73 1.74 2.96 2.97 3.92 3.91 3.45 3.45 2.04 2.05
500.00 1.07 1.07 1.19 1.19 1.54 1.54 2.34 2.34 2.13 2.13 1.48 1.48

8 Tat/T; calculated by means of Eq. (23).
B It js assumed that Tsa=Tay="T5"

© T38/T: obtained by numerical mcthods as described in the text following Eq. (13), ( 1 / T2) = ( 1 / Tgn)
d-i Of the cases given in the table, only for these did the decay deviate from exponential by a standard deviation in 749/T: in excess
0.009, and 0.002. :
+ PoPy(8w) [ 1— (27/1.p) tanh (1.,/27) 1.
100 3 1;‘/_‘2-{' LA B B lll 1) 3
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Numerical calculation Results (A.Allerhand&H.S.Gutowsky, J. Phys. Chem 1964)

Large pulse separation ( T, -> <) (/1) =1/ 17)
+ P, Py(bw) [ 1— (27/l.p) tanh (1.,/27) 1.

T, : transverse relaxation time with chemical exchange

(1/T2) = (1/T5) +PaPy(bw)’r

100 = .
FT/2T TS T,0 : transverse relaxation time

T2 < 2tcp : SNT:=300 _

Experimentally | LR

impossible = R, =R, .

ool
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(1/T2) = (1/T¥)

Short pulse separation ( t.,->0)



Numerical calculation Results (A.Allerhand&H.S.Gutowsky, J. Phys. Chem 1964)

Large pulse separation (1., -> o) (1/T9) = (1/TL) + P, Py(bw)?r

1/To)=(1/T) +P.Py(bw)’
(1/T2) = (1/T¥) (8) (T9/Ty") — 1= P, Py T (8w)?r,

100 — T TTTTT] T
T, 3
N 3uT;=300 ]
X el ] T[Ty > 1.5
i P, =P, i
i 1/2r< PoPy T ()’

Limit of measurement

ool

Cotvnnd o TR c.f. 8w = 750Hz, P,=P,=0.5, T,° = 0.01
° 0 1000 1>=3.5%10%s
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Spin-Echo NMR of chemical exchange IlI.

Experiments
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. ° T/t
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Temp. (1/27) ova T9°
CH, 0 CH, 0 °C sec™! cps at 60 Mc sec
Nee” Neo” N, N-dimethyltrichloroacetamide (DMTCA)®
y AN / AN 4 13.542.8¢ 16.141.0° 0.613-0.03¢
CH; CCl, CH; Cl 10 17.54+2.5 19.3+0.9 0.93:4-0.04
DMTCA DMCC 17 30.03.2 21.0+0.5 1.124-0.08
¢ 25 67.5+5.0 21.3%0.7 1.54+40.12
34 153412 22.34+0.7 2.0240.15
41 235422 22.741.1 2.31+£0.24
47 415459 23.441.9 2.96+0.56
60 7604142 21.3+2.2 3.9140.46



Spin-Echo NMR of chemical exchange Il. Experiments
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Comparison between Spin-echo and High resolution

5.5 465

DMTCA DMCC
Method E, kceal logy, E, kcal logwg
Spin echo 14.630.6 12.5+£0.4 14.04-0.9 10.94-0.6
Peak separation® 10.31.7 9.6%1.3 8.6+1.7 6.9+41.2
{(9.1£1.0) (8.5+0.8)
Intensity ratio® 12.6%1.2 11.040.9 9.740.5 7.7+0.4
(13.6£1.2) (11.8%£1.0)
Line narrowing® 14.140.5 12.0+0.3
(15.840.5) (13.540.3)
Intensity ratio® 9.94+0.3 9.140.2 7.34+0.3 6.140.3
& ]} e M .| DMTCA
A High
My _k resolution
| results

25




Advantages & Disadvantages

1000

On this basis the reliabilities of the four methods
decrease in the order: spin-echo> line narrowing> intensity
ratio>peak separation.
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A major disadvantage of the spin—echo method is that nuclei with chemical shifts within y~, of
the exchanging nuclei cannot be present. In typical pulse experiments H, is 10 G, so that for
proton—exchange studies, all nonexchanging protons have to be replaced by deuterium.
However, there are a large number of systems with inter— or intramolecular exchange where
there are no interfering nuclei.



Further works I.

THE JOURNAL OF CHEMICAL PHYSICS VOLUME 42, NUMBER 35 1 MARCH 1965

Spin-Echo Studies of Chemical Exchange. II. Closed Formulas for Two Sites*

ApaM ALLERHAND AND H, S, Gurowsky
Noyes Chemical Laboratory, University of Ilinois, Urbana, Tllinois
(Received 7 October 1964)

T T, 1= (T4 (27)~1'— (¢,,) "' sinh'F, 100 T TTTT?
with F defined by Eqgs. (28) and (24) as

'I_II—HIII T 1

UZ-MEIBOOM

IERRRL

u—
F=(1/1¢) sinh(t,,0/2), - imTf;IDGT?: ]
[ Fd gh' 2 —
LN TP/27=25
RA 10 = £Q.(41) R =03 _—|:
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THE JOURNAL OF CHEMICAL PHYSICS

VOLUME 42, NUMBER %

of Cyclohexane and d,,-Cyclohexane*

Apam ALLERHAND,T Fr-Mine CeEN, avn H. 5. GoTowsky
Novyes Chemical Laboratory, University of Lilineis, Urbana, Illinois
(Received 4 January 1965)

Equations derived previously for NMR chemical-exchange effects have been used in proton spin-echo
studies at 26.85 Mc/sec of the chair—chair isomerization of cyclohexane and dy-cyclohexane in 1:1 v/v
solutions in C5z. The dp-cyclohexane is particularly suited for such studies because of its very long natural
relaxation time 7%, and exchange rates of (.53 to 3.8 10¥ sec™ were determined for it in the temperature
range between —98° and +25°C. The heteronuclear coupling in di;-cyclohexane does not affect the spin-echo
results. However, in cyclohexane the homonuclear coupling and the shorter T4 restricted the temperature
range of accurate rate determinations to —60° and —25°C, respectively, The exchange rates are the same
within experimental error for both compounds, as are AH f, AF4*, and AS,® which were found to be 9.1
and 10.3 kcal/mole and —5.8 ew. The latter are compared with the results of several previous studies, and
it is demonstrated that, in most if not all of the studies, there are systematic errors in the exchange rates.
These errors have a modest effect upon AH¥ but their effect upon AS? is so large that the values for it
are unreliable. Several factors governing the use of spin echoes to study chemical exchange are discussed.
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Spin-Echo NMR Studies of Chemical Exchange. III. Conformational Isomerization
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