Lawrence Berkeley National Laboratory
Recent Work

Title
QUANTITATIVE ASPECTS OF DEUTERON (SPIN 1) SPIN-DECOUPLING IN SOLIDS

Permalink
https://escholarship.org/uc/item/7tx2{5w3

Author
Suwelack, D.

Publication Date
1978

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7tx2j5w3
https://escholarship.org
http://www.cdlib.org/

Us.)""’-,)‘x.)ujm.wid

ue-34ye

Submitted to Chemical Physics . LBL-7373 .
Preprint

QUANTITATIVE ASPECTS OF DEUTERON
(SPIN 1) SPIN-DECOUPLING IN SOLIDS

D. Suwelack, M. Mehring, and
A. Pines
January 1978

Prepared for the U, S. Department of Energy
under Contract W-7405-ENG-48

é R
For Reference

Not to be taken from this room

-

\;(‘—-‘-.

oo

e
o N BRI e
JAN 217513

CRARYAND
A RAENTS LG TON

CLEL-THT

\ -



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



5
S

o

N

FinAr

AV

'~
O
e

Quapt%ﬁaﬁivg Aspegts) of; Deuteron (Ffpin 1) Spin-Decoupling
| in Solids. :

D. Suwelack and M. Mehring

Institut fiir Physik, Universitit Dortmund,;46 Dor tmund/FRG

and
A. Pines

Dept. of Chemistry, University of Calif., Berkeley, USA

Abstract

The dynamics of heteronuclear spin decoupling in solids

is treated rigorously in the case of deuterons (2D) decoupled

from protons_(1H). Dipole~dipole interaction among each'spin
species is neglected. Deuteron decoupling in the presence of
strong quédrupolar interaction Wg is governed by a double
quantum process, which i1s demonstrated by experiments and

by double gquantum limit calculations as compared with the
rigorous treatment. Double quantum satellites are observeé
in the proton resdnahce spectra.due to coherent double

quantum motion of the deuteron spins.

Work supported by the U. S. Department of Energy.



I. Introduz=%=ion

Heteronuclsar dipolarlcoupling tx&s between two different
spin speci=2s I and S is one of the major line broadening
mechanism in solids. In fact it is the main line broadening
1- ' mechaniém in diluted spin systems S, where dipolar inter-
i action amcng the S spins can bhe neqlected1. This broadening
| ranges to zbout several kHz in solids cbntaining abundant
I spins. Eigh resolution S svin magnetic resonance is there-
fore exnec=ed, when the T spins are decoupled by irradiation

‘with strorc rf fields at their Larmor frequency aJoI‘

- This asvect of heteronuclear spin decoupling in solids has
been of ecnsiderable interest in the past. For a review, see
"reference 2 . The influence of the dipolar interaction e(II
of the abundant I spins on the S spin resonance line has heen
investigazed more recently and interestinga aspects‘of.flip-flép

spin dyna—ics have heen demonstrated3

. Especially the "magic angle”
quenching of flip-flop terms is clearly displayed%. Eeteronuclear
spin deccuplinag is heavily applied in recent high resolution nmr
techniques applied to solids where high resolution nmr spectra
é_’ o are obtained of either nuclei with low natural abundance
. (13C (1.1 %), 1SN (0.37 %)) or of abundant nuclei, which are
homonuclear decoupled by multiple—pulse techniqhesz's. As an
alternative technique for high resolution nmr of protons in
solidé, the deuteron decounling.of highlv deuterated solid

samples has been provosed recentl_v6

. The feasibility of this
approach is based on a double guantum transition first ob-
served by Meiboom and co-workers7. A review of these techniques

can be fcund in reference 2 .
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In order to achieve complete decouplinag, the field strenéth

W,

11
larger than the I spin interactions ”fXIU in the I spin

= yI H1 of the decoupliﬁq field has to be hsuélly

rotating frame, i.e. OJ1I§i>Iig<I" . This condition can be
achieved fairly easily if onlv divolar interactions are in-—
volved. However if I>1/2 quadrupole interactions of the
I spins can be extremelv large and single quantum spin de-
coupling is not feasible. Fven in the caéevof deuterons (I=1)
the quadrupolar interaction in molecular solids is on the
"order of 100 kHif which would regquire rf fields of several
100 G to decouple the deuterons according to the above re-
'ﬁﬁiféments. |

Since this is technicallv not feasikle, . there éeeﬁed
to be'no hope for obtaining hicgh resolution nmr Proton spectra
in solids bv deuteron decoupling of highly depterated samples
in the pvast. However, it was Meiﬁopm.and co-workers7 who.cb-
served in deuterated liquid crystalé,'that a double guantum
transition allows a much more effeétive spin decoupling of
deuterons than is expected from ordinary single quantum transitions
These findings have been exploited recently in order to obtain
high resolution proton spectra in solids by double-quantum
decouplian'a. In this publication we want to derive quanti-
. tative expressidns for the lineshape of deuteron‘decoﬁpled
spectra and we‘cdmpare exact lineshape calculations with the
double quantum limit. Satellite spectra, which display the
- double quantum coherence are observed for the first time and are

'explained quantitatively.



different cases, namely
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ITX. Qualitative Asnects of Neuteron Necounlina

For the convenience of the reader let us first repeat the
simple arguments abbut the critical decouonling field strength
&)f necessaryv fér the onset of decoupling. Suppose two
different kind of ;pins I (with gvromagnetic ratio XI) and
S.(wiFh»gyromagnetic ratio XS) are coupled by divolar inter-
action CX;S. The secular vart of the interaction Hamiltonian

may then be expressed as

f?( TS~ ‘ZE: TB (1)
vy
with

B, = -2yzykovy? ?(cosﬂw)

Y

is the distance between spins i and j and 2%j is

and the magnetic field Ho’

where rij
the angle between the vector rij
For simplicityv we will assume just two spins I and S in

the following, although the extension to many spins is

'bstraiqhtforwafd. Later in this section when we come to the

general treatment we will relax this restriction and we will

treat the many svin case rigorously. Let us discuss two

(1) I =1/2, S = 1/2 where the resonance signal of the S spins
will be observed and the I spins will be irradiated with r.=%.

fields of strength LU . Without irradiation of the I spins

: the S spin signal will have a "broadening", which is on the

order of the I-S dipolar coupling, i.e.

iy %
W, = [T % ¥ =32 2
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When the I spins are irradiated with an r.f. field Cd1

the following transition rate bhetween ]-1/2:7 and )+1/2:>

occurs:

W," | L] w T =55 =W o

The critical field b)f'bfor the onset of decoupling is

reached, when

\/.J4¥ =Wy or W, =3/2 @

"i.e. the strength of the r.f. field must be equal to the dipole- |

dipole interaction in order to break the coupling.

(11) I

1, S = 1/2 where the S spin signal will have a

"broadening" lOD according to eaq. (2) as

(= (27" B e

with no irradiation applied to the I spin resonance. In case
the I spins have a strong quadrupole interaction, this leads

to a sp}itting of the I spin resonance into two lines separated

by 2 CUQ'as shown in figure 1. An rf field 601 épplied at the

~center frequency Ldo cannot cause transitions_from f o:> to
’i_ {:> unless W, E?CJQ.,Since'\JQ =quéﬂmay reach values

of 100-200 kHz for deuterons in solids r.f. fields of this

strength for deuferons are hardly feasible. Although thé

transition from ,-1:} toj+1:> vanishes in first order,

second order perturbation theory, however, gives the éx-

pression6’7'8

W= (202 /011 ToloSZol Tal-rS| €
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for the transition rate from ]&1:> to ]+1:> corresponding

to a double quantum transition.

From Eq. (6) we obtain ~

W, = (W1/wg) )
for the double quantum transition rate, i.e. 611 is reduced
by the factor (J1/()Q in the double quantum limit. This
,veryvimportant relation was already utilized in early double

6-8

quantum decoupling . BEvaluating the critical field for

decounling as in case (i) we obtain under the condition

W2 =;JD' .

. : J/., .

G W) =Wy or Gif= (L) e
This equation demonstrates the efficiency of double quantum
decoupling, since onlv the geometric mean of CJD and a%g
is needed for the r.f. field in order to reach the critical
field for decoupling® 8.
It will be demonstrated in the following, that the double
quantun rate W, according to equatibn (7) imposes a coherent
motion on the I spins. This motion excites "double cuantum

satellites" in the S spin spectra, as will be demonstrated in

section V.

+ We shall now turn to some more general and rigorous aspects of

spin decourling with the emphasis on spin I = 1.

III. ' Quantitative Aspects of Spin Decounling

. Let us suppose that we observe the resonance_signal of dilute
s spins (with § = 1/2) surrounded by abundant I spins (with

I 2 1/2) which will be decoupled by a strong r.£f. irradiation
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'601,fnear their Larmor freauency LJoI' The free induction
decay signal of the S spins after having applied'a'ﬂyz pulse
-_iﬁ the y-direction of the S épin rotatiné frame may be expressed

GlH=Tr g 6 S IS @

- as

with
| A = At A+ A

where GK is the total interaction Hamiltonian in the doubly
.rotatiﬁg frame (interaction representétion) and Tr{_g = TrI'S §3
is the trace operation over I and S variables.

Assuming S # 1/2 and no interaction among the S spins

equation (9) may be rewritten after taking the trace over S as

I [ ) (e
Gl = [ary™T R s OM0)

where NIbis ﬁhe number of the I svins, Re means taking the
real part of the trace and 'X(j—_) is.the interaction Hamiltonian
with Sz replaéed by +1/2 or =1/2 respectively. The free in-
duction decav G(t) éccordiné to equation (1o) cannot be cal-
culated rigorously if dipolar interéétion among the I snins

is involved. This case has been treated apovroximately using a
memory function approach'recently3. Here we restrict ourselves

. to the héqleé£ of interactions émong-the I spins and of éourse

among the S spins. In this case [?Kj' QK}J =0 fiir § = k

an G(t)'can be obtained in product form as

— = [ NmdyeY
G“’)""(Ké g (21*7) ’YI{£ Q,L 5(3)} (11)

Let us consider some simple examples:
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It follows, that |
| 5(t) = Walx * (1) I,
- A diagonalization of gﬁ(i) cah be obtained by the trans-

formation

M(?/Q)é er( #-’-g)
where _ _ }. . :
“ o= Wa/a s cosd s (Br)/N

- with the effective freouencv

0 = [.&J + (BR) 1
Inserﬁion.into equation (11) and evaluation of the trace
leads to : ' _ | : |
G’“’) = Si..v\27ﬂ + (USQVQ cosnt (12)
The limits of |
=0, =0, G(H = cos( F/e)f (ne decoupling)
and. L
s>, iy G= 7 (el kel
are easiiy recovered
_ In figure 2 we have plotted the amnlitude R = cqszzﬂ'of the
satellite lines at frequency.fl as a function of the decoupling
field sgfength &4 in unit 6f B/2. Note, that a critical de—
coupliﬁg field Cuf is reeehed at the field strength B/2 as
obtained also from first order perturbation theory (Eq. 1).
R falls of asCu;Z for CU1>> B/2.

The extension toimany I spins is sttaiqhtforward and yields:

GlH = T[S‘mzﬂ + Coste CﬁéQ;] (13)'

- where B in the above expressions is replaced by. BJ
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Moreover it can be shown, that G(t) is independent of the
phase of the r.f. field in the I rotating frame.

(11) N =1; I = 1; MOI = 0 (no quadrupnole interaction)
The same expressions for "X(j—_) and U('DQ) as in case ()
apply. Evaluating the trace in equation (11) in a similar

manner as in case () results in
CH) 1+ ¢ s =gt
+9 WIVM% 2,9 mﬁ.t‘
+2 cos"ﬁl Cos 20t

(14)

where sian‘, cos ’)9‘ and {) are defined as before.

The following spectral lines occur:

. frequency amolitude
central line 0 - %[1+Gsin42}—4sin2)/c]
_ , 4T, 2
| sate;Llite - .j-_ FoX 3 [slnzpo'cos. VQ]
satellite : + 25 % cos"’ﬁ

The limiting case: (4)1 = 0, 7}= 0, G(t) = [1+2 cos Bt] /3
-‘(no decodpling) and &}1>>B, 2}“:'77/2; G(t) = 1 are easily
recovered. Let us take the amplitude of the satellite at

frequency 2_0_- as a measure of the decoupling efficiency:

- v ' 2 2 '

(R- Co5 4= 7/[ 7+ ¢, /(P/z)] , (15)
This function is plotted versus 601 in figure 2 among other
cases to he discussed later. Notice the _Co;4 dependence of

R for large CU1 in contrast to the CL);Z dependence in the

case of I = 1/2 (figure 2).
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Again the extension to many I spins is straightforward and

" can be'written(as
6(¥)=T 3 [i+6 Sw"‘z/%'-#sw 1/03
o8 siutdy o) syt 09
+ 2 CO';C{#)’ C&")Z-Qz'f

N (1) =6, T, +§'wc.[2I§-I(rf1j],i(1?/2)fz (17

The diagonalization of tf(i) is not as trivial as in the pre-
vious cases, althouah straiaghtforward. Suppose the transformation
U1,diag_onalizes ‘}((+), whereas U’2 diagonalizes -5((-) R resulting

in the same diagonal Matrix g(diaq namely

U A(+) H'q 9(’0(“‘ Uy XU, (18)

with the eigenvalues :11, )2, 13 . The Tr {.k in equation (11)
can now be expressed as

?e_ Ter g Q»qo(—{f pr e

» ) U, uz'”zg,o (et Sdg) Ua U7

- 7= | COSMK lf)f

m k=723 (19)

This leads to the free induction decav G(t) as follows

G(H‘ T2 7[1«/, ces (h- A/L)t (20)

ln} 123

where the expressions for the eigenvalues ). of the Hamiltonian
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j><diag as well as the coeffiaiénts 'fmk are given in

the appeadix. The free induction decay_can thas be calculated
rigorously for arbitrary values of €d1 and CdQ according

to equation (20) in the limit of no dipole-dipole interaction
among the deuterons and among the protoﬁs.

A tvpical behavior of the amolitude of the strongest satellite
line with &)/(B/Z) as calculated according to ea. (20) is
shown in figure 3 for CJQ = 5 B (SOlld line). Notlce that the
. critical field (y§ 1is reached at about 4.5 (B/2), which

is cohsiderably less then QJQ.

The extension of equation (20) to manv I spins is readily

obtained as

G{») T { Z 7l. (3) 605 (/1(“ j))1‘}(21)
5= mhetas

Summarlziﬁq we note, that the analytic expressions of the
free induction decay G(t) in the cases (i) - (iii) are rigorous
under the assumption of the neglect of dipolar interaction
among the I spins.
In the last case (iii) the diagonalization of the inter-
“actibn Hamiltonian was perfOrmed algebraically and the dynamics
- involved are easily lost in the procedure. We will there-
: fore attack the prablem in a different way by using
fictitious spin 1/2 operators in thevfollowing1'9;
In order to treat double guantum cocherence in operator form

9 introduced fictitious spin 1/2 operators for

Vega and Pines
the spin 1 case recently.

Instead of the Vega—Pines9 fictitious spin 1/2 operators, how-
ever, we nrefer here to use the Wokaun-Ernst1° operators, which

refer to the basis of Iz,i.e.
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s o é Jw>gsio+ IS><-1E{

I, - L Ipai = Isvery o
(22)
I,

-5 .?l: 3 [ =>4n1 = [ss¢si 3 |

where Jrj; and [s> can take the following values

1> 1415

i2> = o>
5> -

I-1>

~as shown in figure 1.

‘Commutation relations and others among these operators are

given in the appendix.

' The Hamiltonian QK(i) in equation (17) may now be expressed

in terms of these fictitous spin 1/2 operators as10

iy "3 -~ 12 - I- Y
() = 1BL 74 2P oew, T 5Y) - e
This Hamiltonian.f%kij will now be transformed in different

steps, beginning with

'}ea = .SLXF({W/Z I%,%):}((;t) 2Zxp (-1'/7/217:’,'”3) (24)

After some algebraic'manipulation, using the commutation

relations and sum rules of the fictitious spin 1/2 operators1°,

cxa can he expressed as

Wor 3L 2w T g T e (T 1) o
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A diagonalization of the 1172 part can now be achieved by

th_e transformation.

')( = E'Xio( 7}{\ H) ’}(a ax»o( waf-\j ‘2) o (26) | |

which leads after similar algebraic manipulations as above

', ' '

X, - 13(*”@5»% - “smzﬂ/z)

—7-3 )2
g(w ~00) T f;wa (e~ coa)X( I (2
_whérer : : ' . .
Siwn 3= 2w, /W, ; (us 7}2‘-‘ Cp 1 be
and .
= 772 L
i 2 A
[¥e'+ wy] (28)
The'n.e-x'tv step in the transformation procedure is a 7/ 2
1-3

rotation of the I part

. _XC .= ek]o( T 02 I”‘) /:}( QXY)('c ///2_/_3, ) (2§)

which leads‘ ,td

Q(. 'B > tos iy + 3 (tda ‘U@).Ix”-

5 LJa* 1% a},)kﬁz’z “2'3) | (38)
™ B wndz (TF2-IT07)

I.fl we now introduce the assumption ‘w1<wo (7920) in order

to neglect sin '29'/2 . with respect to cos 7}/2 we reach the
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"double quantum limit" and the last term in equation (30)

can be neglected,.résultiné in _
’ -~ 1-3 — 13
’}(’C* =t} J.z cosvo/z + 37 (we Uo) <
g ' . , L3200 1 (L\) k ( 4-2‘1- 2- 3
1 + 3 AT pLlves

- (31)

\

It is evident, that t{i can immediately he diagonalized by

M . some transformation exo(qEI 1'-3), sincé I193' commutes with

1 2_ 2 3

z z ). Before oerforminq this sten, however, we would.

3 like to discuss equation (31) a little further.

Notice, that ’3(: can be separated into two varts

Yc* = 1}641;3--# 9(,_, ' | (32)
4 [:§(4F3ij(;:1:= 0

and where the "double guantum operatdr“ 9(1'3 introduces

with

transitions between levels 1 and 3 .
i Since ﬁyﬂf3 commutes with CKZ we face a similar situation
as in the case 3(0 =0 (cases (i) and (ii)), but now with

a double quahfum transition involved. The effective r.f. field

strength in the double quantum case, however, is reduced by a

scaling factor LU1/ W4 ,aé follows from (eq. 31 )
“.ZL,(Ue_LJG) "-‘.wf/a)a " when ACJ1<< w(l

: Note,-that~the*same’resultfwas obtained from second order

6.7 (Eq. 7 ), demonstrating the role of

9

perturbation theory
the r.f. field &Jf/LdQ in the.double'quantum frame
Experimental consequences of this will be shown in section V.

Undex the assumption Cd1<ﬁ<tdglthe transformed Hamiltonian

’>€§ in the double quantum limit may now be rewritten as



O 0w v O J 4 a0

. 2, 1\ 1 2 ;2 '
‘>(c¥ = i(Blz 34’ (qu/(f‘)ﬁl)*’-; +t —w ( " 23) (33)

This is virtually the same Hamiltonian as ’X(+) in

2 3

equation (23) where ﬁ- 631 (I;‘:2 + ) has been replaced

by ( &72/'RJO)I1-3 and where the 1-3 part commutes with

z ). In this 1limit soin dvnamics introduced bv the
r.f. field is restrlcted to the double cvuantum frame and

can be treated in a simple fashion as was done in the cases
(1) ana (11) ¢ X, = 0.
We now come back to the more general expression of ’}(Z

as given by eguation (31) and perform the transformation

X - ‘D‘P("ﬁi )Xc W(”ﬁ ?) <34'>

which leads to

where:

SLh{§ [l (o =B e »/z)/m e

and o %
| 2 e N7

{ (B cosd) + [-{'A(Uetwuﬂ j (36b)
In the limit 1 <<&)Q this acain reduces to

Sinp = WH/(WeQ¥) - cosp= B/OQ*  Gra

_ ' | . 2772 |
with 0% = [32+ (W¥we) ] (37)

The Hamiltonian '3(; is in diagonal form and can he readily
used to calculate the trace in equation (11) and thus the

free induction decay. The total transformation used may be
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summarized as

Ut U UM e
where ' o '
o~ 13

o l/lh}) = Q.’xr (-z '’ "'”7) )Q.xY) (L’}Il;’z) Zxr ({/7/z 1—;—3) | (3'3)'

and
U(2p) = xp (_i 1'/_5 f.;f’) - | (4o}

Evaluation of the trace in equation (11) by using the

transformation U 38 ) and the diagonal Hamiltonian

total (EQ-
4)(* (Ea. (35)) proceeds along the same lines as in case (ii)

and results in
G“.J, -é- [/.1-2' 5{;\1/3 + Z.CUSzﬂ COS«Q*%_] (41)

where‘sinﬁ, éos/Saﬁd L % are given by Ea. (36) in the
limit ;< W, and by Eq. (37) in the limit LW/;<<&W.

A central line with intensityv (1+2 sin%@)/B is observed
together with two satellite lines at the ffequency i;jzg
with intensity coszB. It is instructive to compare this
" double quantum limit with the case (ii) ( QZQ = 0) and
'.the rigorous calculation in case (iii) -(CXiQ + 0).
Especially the question arises: Is the double—qtantum limit
(Eq. 41) a good enouch avproximation to the rigdrous result
(Eq. 20) in practical cases. In figure 4 we have plotted spectral
lines for the two different césgs with the quadrupole inter-
action CUQ & 2B for different parameters 401/(872).

Notice, that only a slight differenée is obse:ved in the
spectra derived from the rigorous (exact) and the double’

quantum limit calculation respectively. We have also calculated
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lineshapes for many-spin interactions for different
configurations of deuterons. In all these cases there is

only a minute difference between the exact lineshape according
to (Ec 20) and the double cuantum limit (Ec 41) . Further we
would like to note, that the behavior of the critical decoupling
field W} ~y, Wy ] /2 is also displaved in figure 4.

) Similaf“Spectra have heen ohtained by Emsley et al.11

by
means of computer diagonalization.

The amplitude variation of the strongest satellite lines are
compared for the rigorous (Ea. 20 )and the double cuantum
limit (Eg.41 ) calculations with W, = 5 B in figure 3.
A.The'overall behavior is quite similar for both calculations.
‘_ Notice, that the critical field A;? = 4.5(B/2) is close

~to the value expected from second order perturbation theory,

"namely (Eagq. 5 , 8 )

| - "7/, T

The deviation of the doubhle guantum limit calculation froﬁ the
rigorous treatment decreases drastically for larger quadrupolar
interaction &JO.

The extension to many I spins with no interaction amona each

other is again straightforward and is as given here for

completeness

C(H T [l-stm/‘3+2605/5 ,-"{r] (42)

where B and CQQ in the above expressions have to be: replaced
by B and Q) 5 respectively. Free induction decays and spectra
have been calculated according to eauation (42) and are compared

with experimental data in section V.
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" IV. Experimental

Experiments were performed on highly deuterated ( > 98 3)
hexameﬁhylbenzene (EMB) and scquaric acid (SQA) with different
grades of deﬁtefation, Single crystals were grocwn from
acqueous solutions. The épplied magngtic field was 6.3 Tesla,
which corresponds to the resonance frequency of 270 MHz for

the observed proton signal and to 46.45 MHz for the decoupled

deuterons.

‘ The r.f.fields at both frecquencies were applied to the

sample in a homebuilt single coil double resonance probehead.

The 270 MHz channel was equipped with a Bruker pulse spectro-

‘meter SXP 4-100/270, whereas the decoupling channel (46.45 MHz)

emplbYed a homebuilt double resonance spectrometer. At the -

deuteron freaquency r.f. fields up to 100 G could be obtained.
Data accumnlation and storage was performed in a homebuilt
averager and Fourier transformed kv a Varian 62o L computer.

All measurements were performed at roomtemperature.

V. Results and Discussion

A ‘representative éxample of the proton lineshape in highly
deuterated hexamethylbenzene (HMB) is shown in fiqure 5 for a
decoupling field.strength of 011 = 2% e+ 3.2 kHz and a quadrupole

interaction of &JQ £ 27T « 8.0 kHz. HMB has the interesting pro-

verty, that all deuterons in the unit cell are magnetically

equivalent due to rapid molecular reorientation, i.e. only
a single value of the quadrupole interaction a}o is observed,
dependinglon the angle 8 of the molecular sixfold axis with

respect to the magnetic field as
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: -18-

- where (U, = 27 16 kHz in HMB.

The theoretical lineshaﬁe was calcﬁlated'using ehe given
molecular and-crystal structufe together with the measured
value for the quadrupole interaction{&JQ.’No detectable
difference between the exact (Eg. 21 )Aand the double quan--

tum limit (Eq.42)  calculation was observed.

Ih figure 5 we compare the calculated and the expefimental
lineshape and find a fairly good agreement. Notice, the satellite
peaks in figqure 5, whieh are due to the coherent spin motion
caused by the double quantum transition with a rate of about

cdf/'u)Q. The satellite frequency Y. as obtained from similar
spectra for different values of CJ1 is plotted versus &J1 in
fiéure é. The theoretical curve (solid linef in figure 6
derives from caldulated lineshapes as shown in figure 5.

The agreement with the exnerinental data is quite pleasing.
Also the rough estimate of the satellite frequency V

&J1/LUQ (dashed line) shows the correct trend.

Invorder to investigaie the.decoupling efficieacy we have
measgred the linewidth-of the proton resonance line in HMB
for different decoupling fields 6013 Typical results for two
different O)a'values aie plotted in figure 7, together with the
theoretically determined normalized linewidth 8;. The calcu-—
lations were done rigorously (Eq.(21)) as well as-in the double-
quantum limit (Eq.(42)) with no noticable difference in figqure 7.
Notice also the rapid decrease of the linewidth once the.
critical field Lof is reached. Thisﬂbehavior was alsé demonstra —
ted in the coherent average approach as used.preViouslys.

From the simple formular (Eq. (8)) the critical field should be

proportional to (C%Q CJD) 1/2'. We have therefore plotted.
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GJ: versus [}JQ (*)S] 1/2 in figufe 8. Different values of

CJQ and lkh were obtained by different orientations of theVHMB
. crystal in the magnetic field. The critical field CU? was ob-
.tained from plots like figure 7, The calcuiated'curve (solid line)
follows.from rigorous as well as double qﬁantum limit calculations
and represents the data quite accurately. The simple expression

Q)? = (CJQ C&JD)1/2v(dashed line) OEtaihed from second order
perturbation theory does show the general trend, but deviates
vfrom the experimental data appreciably. |
'Finally we Qant to demonstraté again, that this technique .
. might be usefull for obtaining high resolution proton nmr spectra
in soiids, by showing the deuteron decoupled'proton-spectrum\
in highly deuterated squaric acid (C404H2), where the proton
chaﬁiéal shift tensor has been determined previously12 (see
figure 9). The residual proton linewidth was investigated for
different grades of dilution in this compound.vAn account on

this will'be reported later.

VI;. Conclusion

. Proton line broadening of dilﬁted protons immersed in
a deuterated matrix can be calculated quantitatively for
arbitragy strength of the decoupling field &J.I. The spin
‘dynamical process iﬁvolved is a double quantum transition,
which makes the decoupling very efficient. Lineshape calcu-
iations show that only mihuﬁe'differences occur for rigorous
and double cuantum limit calculations. Coherent spin motioﬁ
due to the double quantum transitions is observed aé "double
quantum satellites" in the proton spectra. All these phenomena

can be accounted for quantitatively.
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VIIT. Appendix

(a) Diagonalization of ')((-_f-_)

N ()= I + $0p 35 -T@e0] BT, )

Diagonalization of '}((_-!_»_) is achieved by the transformation

U U = Ay, = Uy M U

(A2)
where
) tﬂ rqz Y:13 -k’.& ’...'V;l ...V:M
u.= |. - _ . i = (A3)
1 EIE By ] Ml 23 Ty 13,
Y.S‘) YEZ y.33 r33 y;z V;,‘
with .
! 2
- .2\ ; o
e (TR 4 as e
/é:,'.
a"nd , )
Y;,: = _lll_s = (lz 7‘)-}) Q.- + Q.z "" _W4Z/Z
V= "(’W()-z*/l}"‘ Q,«)/V? (AS5)

re= wi/2
24 "(4/4 (/1 ;l + QJ/V‘

g = /l,)z_*f- g (A, +A3) + w + .—Ua
==, (A, # A3+ Q) [z

= WS/2

-l - 7, (l,,+);+Q~)/V'Z"

-
u




&t

- 4
= P

i 0o o 50 g

The eigenvalues )1 )2, ). of cxﬁiag are then given

by
)» = =29 Cos (_9/3 +(0°)
Xy = =2p Cos (§13-60°)
Ny= 2p cos (93) (r6)
with . | |
- Cosg = '—;’»/f’ . | - (@an |
/p [ (wals) + @/2) /3 + W»rz/}] (a8)

?.: (Ua/3)[ @a/.%) - (.P/z) ,'t‘ L_‘)"Z/Z'j -~ (a9)

From equation (19) ,G(t) follows readily as

Gh=3Z cos (U~ )t

kA1o)
LR |

F‘: {}yﬁ,f’ b(z M4‘4,. - : *10)

(b) Fictitious spin 1/2 operators fér I = 1 in the
Wokaun-Ernst nptation1°.

- "z'{ I*>¢s) + ls><r13

|

I~

I\{-s = ’f’{ [F>4s) - ls>4»~lj - (a12).
I
s z{ >4y - lS><stj

]

5 =



. } - : o . y ) . :
. \} J I U i},'rﬁ;ﬁl_ ;?23‘? J;é

with
. . -~ r- - s
-.-—S-T‘_T V‘-S; *SV'_ -T"5 \SV'_ _,_T ‘ (A13)
Ly b by =-dy Lz =L
For the convenience of the reader, we summarize some of
the relations of the overators I:;'S A= x,y,2 following

Wékav.m-Ernst10 (for I = 1):

y._ (J_ + 2-3> ‘ | (A14)

—)< “8 \':lg )‘108 . o
" — — 4.& — z- (A15
-Lz = 2 (I,"*+ I,73) !
and with
1-2 hrediy B ' %3*4 - -
] 2-3 _ (A16)
Iz © L T,
follows
T A._, T 72, T3 —~q-3 -~ -3 ' (a17)
'_[_2-_!_2 Tl T+l 7= 24,

The followinq commutation rules anply:’

[‘" I LT gyt e

(eyelic)
_a,wd . A |
[I'gr-{., T, [\. v(— s~ f] (473) I%»-s
[T, I;'*J = G L) o
A19)
[IVMI Iz-s’#l = [ /Z)-L - |
[T, T4 - ("/‘)‘Ix -t
*ﬁ -+ - ‘+
y :-—Z—S 3

where r,s,t are all uneaual.
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Ficqure Cantions

' Fig, 1 . Energy level diagram of a spin 1 in a magnetic
field Ho including quadrupolar interactionllb;
Two satellite lines at &J * L, are observed
as single quantum transitions ( Am = 1). The
double guantum transitién (A m = 2) at 2&)0 is

indicated.

fiq; 2‘ o Amplitude R of'the satellite transition for a
spin I = 1/2 (single cquantum transition) (Eq;(12))
versus decoupling field strength Cd1 in.unit;of
the dipolar interaction B/2. A "critical" fieLd

is reached at wf = B/2.

Fig. 3 Amplitude R of the strongest satellite transition
for‘évspin I = 1/2 with and without quadrupeclar
interaction CJQ versus decoupling field strength
4. In the case Wy = O R is given by Eq. (15)
(dotted curve), whereas for CbQ % 0 a rigorous
(Ea. (41) , dashed curve),as well as a double quantum

‘limit calculation (Eq.(41),dashed curve) are compared.
A critical field of co’f ~ 4.5 (B/2) is reached in
the case L?Q =5 B, v :

Fig. 4 i | Spectral lines of a spin S = 1/2 coupled to a

| | spin I = 1 by dinolar iﬂteraction B for different
values of the decoupling field strength'QJ1 anplied
‘at the Larmor frequency of tﬁe I spins. The quadru-

pole interaction of the I spins is fixed at

G%Q = 2B. Rigorous (solid line) calculations
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. according to Eq. (20) are compared with
double quantum limit (dashed lines) calcula-
tions according to Eg. (41). For larger CJO

values both calculations are hardly distinguishable.

Fig. 5 Proton reéonance spectra (dotted curve) at 270 MH#
of highly deuterated ( 98 %) hexamethylbenzene
(BMB) for Y = 8.0 kiz and Y, = 3.2 kHz.
The theoreticél‘lineshape'(solid curve) was cal-
: culaﬁed according to Eqg. (21) (rigorous) as well
as Eq. (42) (double quantum 1ihit) by using the
molecular and crystal struétur'data together with

the values for Lzo and ld1 as given above. Notice

the "double quantum satellites" at about \)f/‘yo.

"Fig. 6 | Double quantum satellite frequency \)s as
| obtained'from spectra like figure 5 versus de-
coupiing field &21. Thévtheoretical curve
-(solid iine) deriQes from lineshape calculations
like in figure 5, whereas the dashed line re-

presents the simplelreiation \é = V%/ ))O.

Fig‘. 7 | Normalized line width Sn of proton spectra
| in deuterated HMB versus decoupling field CJ1 for
different values of the quadrupole interaction
| &JQ, of the deuterons. Thé theoretical curves
(solid lines) are obtained by taking thé linewidth
of spectra, which were calculated rigorously (Eqg.(21))

as well as in the double quantum limit (Eg. (42)),

with hoth calenilasrione leadina +a 1ndicectinauicshable



Fig.

Fig.

w0 U o 8

results on the scale of the drawing. °

Critical decoupling field L)f-( 6; = 1/2) as
obtained from data like those nresented in

1/2. The theoretical-

figure 7 versus ( &)0 Q)D)
line (solid lines) derives from critical fields
&Jf at ‘5n = 1/2 as obtained from similar

theoretical curves as in figure 7.

High resolution proton spectra at 270 MHz in
highly deuterated (99 %) scquaric acid by deuteron

decoupling.
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