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Proton coupled carbon-13 relaxation experiment was performed to investigate the effect of vicinal protons on
spin-lattice relaxation of methylene carbon-13 in #-undecane. A BIRD type pulse sequence was emploved as
away to check the validity of describing the *CH= moiety as an isolated .11 spin system. The results show that
the presence of vicinal protons exerts substantial influence on the relaxation of methylene carbon-13. indicating
that it is not a very good approximation to treat a methylene moiety as an isolated .41 spin system.
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Introduction

The knowledge of dvnamics of methylene moieties 1s of
crucial inportance for better understanding of the segmental
motions occurring 1n a long hyvdrocarbon chain and the study
of proton-coupled relaxation of carbon-13 in CH» groups
can serve usefully for this purpose.'"’~ In particular, for an #-
alkane chain molecule. dipole-dipole spectral densities
obtained from the proton-coupled carbon-13 relaxation
experiments provide us a valuable insight into the segmental
motions occurring in the straight carbon backbone.

Grant and coworkers as well as Fuson ¢f ¢/, utilized the
proton-coupled carbon-13 relaxation as a means of investi-
gating the segmental motions in 7-nonane labeled at the
central carbon.!' In order to analvze the observed curves for
several relaxation modes they treated the methvlene moiety
at the central carbon as an 1solated AX> spin syvstem and
regarded the protons two bonds away from the carbon of
interest. which will, for brevity, be henceforth referred to as
vicingl protons, merely as a source of random field.
Surprisingly. when theoretical calculations based on the
Redfield equation were performed for the AX- spin system.
this oversimplified view. however. was found to lead to a
good fit with experimental data. thus vielding a set of values
for various spectral densities. When the vicina/ protons were
deuterated to minimize the effect originating from them. the
theoretical relaxation curves could also be fitted well with
the observed ones. but vielding a somewhat different set of
values for the dipolar spectral densities.”! This means that
the assumption that the interaction with vicinal profons may
be treated only as a random field term is not very safisfactory
and. whenever possible. the deuteration of interfering
protons is recommended. Since deuteration of a proton (or
protons) at a given carbon site is very laborious and time-
consuming. use of the deuterated sample is not always
practical and/or feasible.

In the present work we explore a new BIRD-type pulse
experiment. besides that emploved by Grant er o/, to
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tackle tlus problem. A BIRD pulse is applied to #-undecane
to mvert only those protons directly bonded to the methylene
carbon of mterest (henceforth referred to as geminal
protons).”* Relaxation from the initial spin state created in
this manner was also observed m addition to those obtained
by the conventional Grant method. Simultaneous fiting of
these two different types of relaxation curves will obviously
give us more leverage to determine the set of values of
spectral densities than relving only on the Grant type
measurements. Not surpnisingly. theoretical calculation
based on the AX~ model with the effect of vicinal protons
being treated as a random field term failed to produce a good
simultaneous fit with these two different tvpes of relaxation
data. To analyze the situation we assumed that the system
may be described as an AX>M system. where the geminal
protons. X, are assumed to be weakly coupled to a wicinal
proton. M, and kept only the dominating terms representing
the effect due to the latter protons m the corresponding
relaxation matrix. Of course. there are four vicimal protons
around a given methylene carbon but we assume their effect
may be described by considering only one of them when
they are motionally equivalent. This situation will ideally
suit for the central carbon site in a hydrocarbon chain.
However, if the carbon site of interest is very close to the
center of the chain. the same approximation is expected to be
equally well valid as we demonstrate in this paper. An 4AX-A
model was found to be able fo describe both of the two
different kinds of experimental data satisfactorily. thus
producing a reliable set of parametric values for spectral
densities. Hopefully. when generalized. we may employ this
method as a routine substitute of expensive and painstaking
course of deuteration in the study of segmental motions in
the chain molecules.

Theory

Bloch-Redfield theory The fundamental equation of
motion for a nuclear spin system can be derived from the
time-dependent Schrodinger equation. The second-order
perturbation theory leads to the so-called Redfield equation
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for the spin density operator;'*'*
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where the elements of the relaxation matrix R depends on
the dipole-dipole and random field spectral densities. When
only the longitudinal spin components are relevant, one may
use a simpler form of Eq. (1) which ¢an be rewritten in the

following form of Solomon equation;'®
dj\‘lrl’ 7 r r
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where N, (f) and N,(e0) are, respectively, the population of
the jth spin energy level at time ¢ and at equilibrium and W
is the rate for transition j — 7, TFor convenience Eq. (2) may
also be written in terms of the symmetrized normal modes as
have been shown by Grant ef gf. which involves the
normalized irreducible tensor operators., Grant ef al. have
defined a normal magnetization mode as the trace over
product of deviation density operator with a corresponding
irreducible spherical tensor operator,'™" In this formalism
each normal magnetization mode can be expressed as a
linear combination of the diagonal density-matrix elements
and among them as many modes as possible are experi-
mentally measured and compared with theoretically derived
expressions,

For our study of a “CH, moiety in n-undecane we will
briefly outline the application of this formalism to 4X5 and
AXM spin system, The energy levels and eigenstates for an
AX: system are as shown in Figure 1, For this spin system
symmetric and antisymmetric normal magnetization modes
are expressed as follows:
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and the equation of motion for these magnetization modes is
dv;
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where the matrix T is blockdiagonalized into “T" and ‘T and
their matrix elements are given as below:
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Figure 1. (a) Energy Level Diagram and Eigenstates - spin labels are in the order of C. H. H' spins: L's are the allowed (single quantum)
ransitions that lead w spectral lines shown in (b): (b) A Schematic Spectrum - wiplet for A(7C) and doublet Tor Xa('1) in isotropic media,
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Ta2=20/3Jcn + 2000 + 4
To= 104213 Jnen+ 2w +2 ﬁjnl[. and
T3:=20/3Jc1 — 10530cn + A+ 4ju— 2w 5)

The matrices ‘T and ‘T are both symmetric, that is, “T, =
‘T, and ‘T, =T, In isotropic media only four of the modes
given in Lq. {3) are directly measurable. They are “v.. ., the
total A magnetization; “vy, the total X magnetization; “v, .,
the difference in intensity between the sum of outer two lines
and the inner single line of the A triplet, and *viy . the
difference in intensity between the outer two lines of the 4
triplet.

For methylene moieties in #-undecane the chemical shift
differences between geminal and vicingl protons are compa-
rable in magnitude with the scalar spin coupling between
them and, therefore, at a first glance we might be tempted to
describe these protons as comprising a strongly coupled spin
system, However, we can show that the presence of “C
allows us to treat the moiety interacting with a vicinal proton
as a weakly coupled 4X5M spin system due to large coupling
constant between A and X spins where 4 stands for C and ¥
and M, respectively, for gemingl and vicinal proton. This
means that only the secular term Jy,, 7.1, instead of the
full interaction Jy, I, - 1,,. needs to be considered when
dealing with the scalar coupling between the two protons,
The neglected nonsecular terms can be shown to generate a
small amount of coherences of the type 7,77, and 1, 11,
(involving the zero quantum ot the protons .Vand M) when a
BIRD pulse is applied {See Appendix 11). However, this type
of coherences was found to quickly decay away (probably
due to rapid spin diffusion process of protons) before apply-
ing a observing carbon 90 pulse providing no interference
with our measurement. In reality, there are four vicinal
protons surrounding a given methylene carbon-13 atom in #-
undecane. But their influences on this carbon-13 atom may
be considered approximately additive and can be described
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in terms of that of a single proton 3,

The carbon-13 signal for a “CH» moiety in #-undecane
basically consists of three lines with the intensity ratio of 1 :
2 ;1 which are separated from each other by the coupling
constant "Jey (= 125 Hz). In the presence of vicinal protons
each of these lines is split further, but the coupling between
the carbon-13 and a vicinal proton is so small that the
splitting due to this coupling was hardly resolvable in our
case. Therefore, we had to observe the integrated intensities
of these unresolved lines in our experiment. which means
that we can treat the dynamics of our methylene moiety in
terms of various relaxation modes of an 4X; system that
undergo cross relaxation with the A spin, The energy
levels and eigenstates for an AX>M system are as shown in
Figure 2.

[n dealing with the effect of the vicinaf protons, we define
symmetric and antisymmetric normal magnetization modes
for an AX>M system as follows:
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Figure 2. Encrey Level Diagram and Eigenstates - spin labels are in the order of C. H. H'. M spins: L/'s and Ly; arc the allowed (single

quantum) transitions of 4A% spin and A4 spin respectively.
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Fach of these magnetization modes will relax according to
Eq. (4) for which the elements of relaxation matrix T" are
given in Appendix 1. Among these. the modes of our interest
are “y, the total 4 magnetization, “v», the total X magneti-
zation, “vs, the difference in integral between the sum of
outer two lines and the inner single line of the broad 4
triplet, “vs, the difference in integral between the outer two
lines of the broad unresolved 4 triplet, and “vi,. the total A/
magnetization. The modes "Wy to “vis are all the M-related
transition modes.

Among the M-related modes by far the most dominant is
“vi; mode, because this term remains much larger than the
others during the relaxation. So, to a good approximation we
may expect the effect of the presence of vicinal protons to be
accounted for by considering only the cross relaxation
between the 4X: modes and “vi; mode, Evaluation of the
relaxation matrix for the weakly coupled AY>M brought the
following facts to our attention. First, for the AX>M spin
system diagonal and cross terms relating the modes (“v, to
“v7} with each other are the same as those for the 4X% spin
system providing the dipolar terms involving A spin are
viewed as random field terms, Second, only “v... and “'v,
mode among “v; to “vsare influenced by the relaxation of
“viy mode, Third, all the cross relaxation elements between
modes related to the transitions for the X5 spin system and
those for M spin involve cross spectral densities between
AX: spins and M spin. These elements are expected to be
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Figure 3. Pulse Sequences Used for [nitial Excitation of Observable Magnetization Modes.
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small in magnitude considering that the presence of vicina/
protons provides merely a small perturbation. Since the
Grant-tvpe pulse sequences and the BIRD-tvpe pulse
sequences both generate almost the same initial states of the
M-related transition modes. “v to “vis, we can safely ignore
the cross relaxation terms involving the M-related transition
modes except “vy;. Based on this suimphfied treatment we
could successfullv fit the derived relaxation curves for
various normal modes with the observed ones including
those obtained by applyving the BIRD-type pulses.

Experimentals and Calculations

Sample. The [5-'°C] #-undecane was svnthesized in our
laboratory. This was dissolved in CDCl; and sealed in 5 mum
NMR tubes after repeating five freeze-pump-thaw cvcles to
remove dissolved oxvgen. The NMR expeniments were
performed on an Varian VXR 2008 spectrometer operating
at a ®C frequency of 50.3 MHz. The temperature was
maintained at 298 K throughout the measurements.

Pulses. The Grant pulse sequences invert both geminal
and vicinad protons using a hard 180° proton pulse while in
the BIRD-tvpe pulse sequences only the gemina! protons in
PUCH- moiety are inverted leaving the icinal protons
unaffected. The comparison between these two tvpes of
relaxation experiments is expected to reveal the effects of
vicingl protons on the determiunation of the spectral densities.

In the present investigation the following five different
Grant-type initial perturbations for the *CH-M spin system
were used: (1) a '>C 180° pulse inverting the entire
methylene triplet (abbreviated to CP). (2) a 'H 180° pulse
inverting the proton doublet (denoted by PP for brevity), (3)
selective 'H 180° pulse inverting the only the upfield line of
the 'H doublet (SP). (4) a J-negative pulse inverting the
outer lines of the >C triplet (JN). and (5) a J-positive pulse
inverting the central line of the >C triplet (JP). Besides
these. we have applied the following five different BIRD-
tvpe initial perturbations for the ’CH-M spin svstem: (1) a
BC 180° pulse inverting the entire methylene triplet and a 'H
180° pulse inverting the only neighboring protons (CPB). (2)
a 'H 180° pulse inverting the only protons of *CH- (PPB).
(3) a “C 180° pulse inverting the entire methylene triplet and
a 'H 180° pulse inverting the only protons of *CH- (CPPB).
(#) a J-negative pulse inverting the outer lines of the '*C
triplet and a 'H 180° pulse inverting the only protons of
BCH- (JNB). (5) a.J-positive pulse inverting the central line
of the °C triplet and a 'H 180° pulse inverting only the
protons of “CHa (JPB).

Calculations and Relaxation Curve Fittings. Relaxation
parameters were obtamed through a multiparameter least-
squares curve fitting of observed relaxation data with those
derived from Eq (4). We have used the Levenberg-
Marquardt algorithm for searching the minima throughout
these curve-fitting procedures.”' == To account for svstematic
instrumental errors, differences in 7" relaxation of each line
dunng the pulse sequences. and pulse imperfections we
parameterized the imtial values of the normal modes. For

Bull. Korean Chem. Soc. 2002, Vol. 23, No. 5

Table 1. Best Fitted Spectral Densities for [5-'*C] #-Undecane

731

AL ALy AA L

Jeg 0036900008  0.0347 £0.0020 0.0305 £ 0.0003
Juen 00043 £0.0036  0.0041 £0.0086 0.0026 £0.0021
Jegn 0021800010 0.0210+0.0026 0.0228 £ 0.0004
Jug 003353200017 0.0310+0.0048 0.0447 £ 0.0009
je [0.0]° 0.0088+0.0091  [0.0114 £ 0.0003)7
Ja o 00789 £0.0034  0.0808 £0.0096 0.0613£0.0016
jue 0050000186 0.0554 £0.0445 0.0163 £ (0.0085
Ths 0.0114 £0.0005
[s 0.0354 £0.0033
Tisis 0.2787 £ 0.0094
/N 9.94x 107" 1.03%10~ 2.02x10™

“AYs denotes the results of the AY> model fit of the relaxation data
obtained by applying the Grant type pulses anly. 24Y:17 denates the
results of the 41317 model fit of the relaxation data abtained by both the
Grant and BIRD-tvpe pulses. ‘Square bracket denotes that the value was
kept fixed during the fit. “Square bracket denotes that random field tenm
for *C was assumed to ariginate only from dipolar term between *C and
A praton.

this, we first guessed a set of rough mitial values for these
normal modes and fitted the relaxation data using the
relaxation matrix elements obtamed in the case of AX-
model, to find a more refined set of mitial values. These
mtial values are then fed back to find a set of matrix
elements that produces better curve fittings. This procedure
was continued until the self-consistent best-fitted parameters
were obtained. In particular the starting 1utial value for *wy
was set to -1 when a hard 180° proton pulse was applied but
to 0 when a BIRD-type selective 180° proton pulse was
applied.

Results and Discussion

To interpret the observed data we first tried to fit the
relaxation data obtained by applving only the Grant-type
pulse sequences with the relaxation curves derived on the
basis of AX>model. This resulted in a good fit. yielding a set
of spectral density values as shown in Table | (but not
graphically shown). However, use of these spectral density
values failed to reproduce the relaxation data obtammed by
applyving the BIRD-type pulse sequences very well as shown
also in Figure 4. which indicates that our methylene moiety
18 not so simple as to be satisfactonly described as a simple
AX- system. In other words. this 1s to say that the effect of
the vicinal protons on CHa relaxation cannot be approxi-
mated as arising from random field terms only.

In order to get over this hurdle we mmvoked the AX-AM
model that was descnbed m the previous section, which
vielded successful simultaneous fittings with both tvpes of
relaxation data as shown m Figure 5. In these calculations
the modes vy through v except *vaswere ignored during the
relaxation as we had reasoned n the previous section.
Although we treat our system on the basis of an AXM
model, it 1s not a truly isolated AX-M system, however,
because all the spms mmvolved are more or less are
mteracting with other surrounding protons. In particular, the
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spin M has another independent efficient relaxation pathway
through interactions with the surrounding protons other than
AX> spins. ‘To account for this we have introduced an
additional element 177} in the column of relaxation matrix
that relates the “vi; mode with other modes. In the proton
spectrum of our sample molecule »-undecane M spin

displays a somewhat broad, not well-resolved peak and this
peak is found to decay nearly exponentially when inverted
by a hard 180 pulse, which enables us to estimate a crude
value of 7). This value could be further refined through the
curve fitting procedure as already described.

The spectral density values obtained through the least-
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squares curve fitting procedure are histed in Table 1. We see
from these that the various spectral density data calculated
on the basis of the AX> model are affected substantially if the
presence of vicina! protons 1s taken mnto consideration. The
vicingl protons are expected to make their presence felt by
the carbon of our interest vig direct dipole-dipole interac-
tions as well as random field interactions. Although two
groups of vicinal protons around the carbon labeled at the [3]
position in undecane may be motionally inequivalent. we
found that only two parameters are needed to describe
satisfactorily the effect due to vicinal protons in our case.
That 1s, we had Joy=0.00171 (5.6% of Jey) and Jygy =
0.00375 (8.4% of Juy) on the average for each of four
vicingl protons. Our success mayv be due to the fact that the
effect ansing from the vicinal protons 1s merely secondary to
that of the geminai protons. so that the small difference in
Jons and Jang between the two groups of vicinal protons does
not make significant contribution to the fitting results. These
parameters are small in magnitude compared with Joy and
Jun. respectively. but large enough to indicate that the effect
of vicinad protons cannot be fully described by random field
interactions only. And all the spectral density values
deduced from the fitting results differ from the case of AX>
model by more than 5%.”

One conventional method that is usually considered to
minimize the effect due to vicing/ protons is to deuterate
them. However. this method 1s not easy to be applied for the
tvpe of expeniments we described here. because not only the
vicingl protons should be deuterated but at the same time the
carbon of mnterest must be isotopically labeled as well for the
sake of signal intensitv. Fuson ez «/. have discussed the
effect of vicina/ protons on the relaxation of central carbon
in #z-nonane by comparing the measured data for deuterated
and nondeuterated compound. Thev have also found that /ey
decreases only shghtly in the presence of vicing/ protons and
have recommended that J-y values calculated from the 4X>
model can be used for the studv of molecular dynamics
without much ado. However, the deuterated nonane mole-
cule that they have used for companson 1s a heavily
deuterated species; /.e. the molecule in which all the protons.
let alone the icinal protons. except those in central
methyvlene moiety of interest were deuterated. Such a
heavily deuterated molecule may exhibit somewhat different
dvnamical behavior in comparison with a non-deuterated
species due to increased mass and moment of inertia.
Therefore. 1t remains to be seen that deuteration is a sure
way to eliminate the uncertainty in the values of various
spectral densities. In this respect the method we propose in
this paper may be considered to provide a viable wav of
serving for this purpose.
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Appendices

I. Relaxation matrix elements for AX-M
[ =20/3Jcy + 10/3Jov + 2 D= 542/3Jcx

Bull. Korean Chem. Soc. 2002, Vol. 23, No. 5 733

Tis=20ucn Dia= 72/3 Jucu

Tis= 242Juen Tis= 33cy

Ta2=10/3Jcy + Vun + 105300 + 2/

Tos= 2.2 Jcm Tos=53Jucu - 2ems Doz = 2emu

o= 220wy Tus= -2 + 55w

Taia= 54/2/3 S

T3 = dJen +10/3eng + 2 + 20+ 2ot 4

Tsa= =2 Jucu = A2 Jun =1042/3 Jungs = 22 fun

Ts13= 242 Juen + 242 Junni + 5213 T

D= dom + 53Jcn Tas= =242 Jcrmn

Taa= 143 oy — 43 e + 10/300v + I + 20/308u
= 103w+ Ze+ 4u - Znn

Tas= -2 = 3/3mm Taa = -242

Tais= 14/3Jcmn = 8/3Jcunn + 3/3Jcn

Tss=16/3Jcy + 2ucn + 10453700 + 3 + 10730+ 2jc
+ 24

Tse= 54213 Jcn + 2/2Jcim Tsr= -5/3ncn - 2enn

Tso= 22 Jucni+ 54203 Jing Tsio=Lema + 5/3em

Tsu=2420uc+ 2420 Tsiz= -2 + 33k

Tss=20/3Jcn + 2/un + 2013/, + 41

Tor==102/3 Juch — 2 Jum = L042/3 Jinm =2 N2 i

Ts10= 22 Juma + 542/3 Jing Ton = Wem

Toi2= -2/2 Jomm

T77=20/3Jcy - 10/30ycy + Jum 2053058 = 103w + 4w
- 2jmn

Tno= -2um - 33mm T = -242 Jcnma

na= 14/3Jcmn = 8/53Jcann

Too= 2030y + 2Jcng + 20301+ 2/ + 2

Tor0= 572/3Jcu + 2420 Ton = 2ucy + 2

Toix= 7/2/3Juc + 74213 Jnm

Tioa= 10/3Jcy + 10/3Jcpg + 3Jpn + 16/ 3y + 2ipm + 21

+ 27

Lo = 22 e + 242w Tiorr = 5/3uen — 2onn

T =4Jcu + 2o + 2l + W+ 2jc + 4iu+ 2

Tine= -2 Jucu — 2Jum — N2 Jina1 — 242 fun

Tia2= 147300y — 4/3Jucy + 27en +Jmm + 14/3mg — 435w

+ 2+ 4 — 2w+ 2

T313= 16/3Jen + 2Jucu + 2/on + Sdug + 16/3Jm + 2/inm
+2c +Zut+ 2

Tisie= 542/3Jen+ 22 Jcun + 242 Joam

Ti315=-3/3Jucu -2Jcum

Ti316=2 2 Jovm
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Figure Al. A BIRD Pulse Sequence.

Dia=203Jen 1 103den | 2000 1 40un e 4o - 2w
Crats— = 104273 Fien =2 Jin =2 At =242 i
Disie— 2ZAman
Cisis— 20/ Jcn = 105w | 103Jen | Juwe - 1453 J

— 430w | du— Zun | 2 Disto— 7205 Juanm
Fio1e=10730em 1 2005300n 1 2

II. Action of BIRD Pulse on AX,Y Spin System
We analyze here the action of the BIRD-tvpe pulses
shown in Figure Al on an AX:Y spin system in which the
spin coupling between A4 and X spins is much larger than
both the spin coupling and the chemical shift ditference
between X and Y protons as well as the spin coupling
between /4 and Y spin.
At equilibrium and after the first 90° proton pulse. the
density operators are, respectively, written as
oy =0l = S.+ 8. +T., (AT)
o, =8, =8, -T,. (A2)

where /7, § and 7 are the angular momentum operators for car-
bon-13, geminal protons and a vicinal proton and etis %+ 3 with
7 standing for the magnetogyric ratio of a nucleus of the given
kind. After a BIRD pulse sequence, the density operator be-
comes

s~ P(r/2) LC(m)P(m) Lo L P(my.C(m) L P(n/2),.
(A3)

where P(7/2),, P{m),. and C'(r) are, respectively, the
operators describing the action of hard proton and carbon
pulses; that is,

P(r/2), —expl-i(m/2)(S), + S5+ T 1.
P(ﬂ')x = exp[—f”(su - S:x + Tv)] - and
C(m), —exp(—ind.}). (Ad)

L is the operator for free evolution between two successive
pulses; that is,

L —exp(—iHT) (A5)
where 77 is the spin Hamiltonian for the given spin system
and 7 is the evolution period between hard proton 90° and

180° pulse. The spin Hamiltonian for the system may be
written in the form

H_Hw_H.I-. (Af’)

where 77, and 77, are, respectively, the chemical shitt part

Chul Kim and Jo Woong Lee

and the spin coupling part of the Hamiltonian expressed in
unit of #; that is,

Hw_ (D.-{]: + a’.\'(sl: + SE:) + (D}-T_.. (A7)

and

1= 7] 20(S,. +Ss.) — ml" - 21T,
+ 7 2(8,-8,)eT (A8)

with the following definitions:

wy = chemical shift frequency of carbon,

wy = chemical shift frequency of geminal protons,

wy = chemical shift frequency of vicinal proton,

J=spin coupling constant between carbon and gemingl protons,

J'=spin coupling constant between carbon and vicingl proton,

and

J=spin coupling constant between gemined and vicingad protons.

On action of simultaneous hard proton and carbon 180°
pulses the coupling part A, remains invariant while the
chemical shift part changes its sign. and, therefore. we may
rewrite (A3) as

G: = P(ai2), LI’ C(m)P(37/2),0,P(37i2),
C(mY(LLY P(r!2), (A9)
where
LL = exp|—i{H,+ H,)tlexp|-i{— H,+ H)T| (AI0)

Since I7, does not commute with 77, two exponent
operators in (A10) do not commute either and it is
troublesome to deal with the operator LL'. However, we can
deal with this operator approximately using the following
formula:™!

exp(—iMT)exp(—iNT) ~
exp[—i(M + M-S MAN |—i%|M,|M._A-' [+ ] J(AID

where M —-H,+ Hyand N — Hy, — H.

For 7— 1/2J the magnitude of the second term in the
exponent series in (A1} can be shown to be of the order of
(Aw "]y where Aw is the chemical shift difference between
vicinal and geminal protons. For our system ./ is much larger
than both Aw and /" and therefore the second and ensuing

terms may safely be ignored. This amounts to writing
LL = exp(=2ill,7) {A12)

H;operator itself still consists of two non-commuting parts,
but by the same logic as we have used for deriving (A 12) we
can show that

LL = exp[-4mJI(S,. + S:.) Tlexp(—4 miJ 1.T.7)
expl—4miJ (S, +8,) e T7] {(A13)

On substituting (A13) into (A9), we see that for 7= 12/ the
carbon signal associated with proton zero-quantum coherence
involving geminal and vicinal protons can arise if the non-
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secular part of the spin coupling between these two protons
cannot be ignored and its intensity 1s roughly proportional to
sin{ 27254 )sin(2 27”47y which 1s very small if J 1s verv
large compared with both ./ and J".
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