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Double-quantum NMR is a useful way to obtain spectra of quadrupolar nuclei *D, N, ...) in solids. This
allows measurements of the chemical shifts for these nuclear spins. The theory of Hartmann-Hahn cross
polarization between I =1/2 and such S =1 spins is discussed. Particular attention is drawn to the cross
polarization of the double-quantum transition. The thermodynamics and the dynamics of the process are
evoked in detail using a fictitious spin-1/2 formalism. The spin S = 1 Hamiltonian can always be factored
into two commuting parts (independent thermodynamic reservoirs), one of which behaves as a fictitious spin
1/2 which is cross polarized with the I = 1/2 spins. Modified Hartmann-Hahn conditions emerge from the
theory, and the dependence of cross-polarization times Ty on rf intensity and frequency for spin locking and
adiabatic demagnetization in the rotating-frame experiments are calculated. Measurements on the 'H-’D
double resonance in dilute solid benzene-d, are reported, verifying the predictions and indicating that cross
polarization provides a sensitive means of detecting the ?D double-quantum transition. Values are reported
for the thermodynamic parameters and cross-polarization times as a consequence. Three possible versions of
double-resonance detection of double-quantum spectra are possible—direct detection of the cross-polarized
double-quantum decay, indirect detection of the frequency spectrum following Hartmann and Hahn, and
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indirect detection of the free-induction decay following Mansfield and Grannell.

I. INTRODUCTION

Recently it was demonstrated that it is possible
to obtain chemical shift spectra of deuterium nu-
clei in solids from novel NMR techniques.!"® In
these experiments the coherence of the “forbid-
den” (AM = 2) double-quantum transitions of these
spins (I=1) was excited and its time-dependent
behavior was monitored.*"® The spectral lines of
the double-quantum transitions, which are obtained
by Fourier transformation of the measured time
dependence of the double-quantum coherence, are
not shifted by the quadrupole interaction. This is
unlike the spectral lines of the allowed (AM =1)
transitions, which are split (and in powders there-
fore broadenend) due to this interaction. The
small deuterium shifts, due to the chemical shield-
ing in single crystals and powder samples, were
obtained for the first time and compared with pro-
ton chemical shift data.»® This technique makes it
attractive to replace hydrogen atoms in solids par-
tially by deuterium and to perform high-resolution
NMR spectroscopy on the double-quantum transi-
tions of the deuterium spins.®® The spectral line-
widths, due to dipole-dipole interactions between
deuterium nuclei, can be made very narrow by
sufficient dilution of the deuterium spins together
with proton spin decoupling.

This rather simple approach forms a comple-
mentary method to the multiple-pulse techniques
for the observation of high-resolution proton NMR
in solids.!® However, because of the very low
abundance of the deuterium atoms in the solid, the
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measured signal intensities are very small and we
would like to be able to apply cross-polarization
techniques for signal enhancement.'* “*> In these
experiments nuclear polarization is transferred
between the abundant spin system and the rare nu-
clei in the sample. The polarization of the transi-
tions of the rare spins can result in an enhance-
ment of their NMR signal intensities. Alternative-
ly, the free-induction decay of the S spins is mon-
itored by observing the I spins using cross polar-
ization. These methods are well understood and
widely used for abundant spins (protons) and rare
spins (like *C, N, and *Si) where both spin sys-
tems have a spin value I=3. In our case it would
be most attractive to cross polarize or detect the
double-quantum coherence of the deuterium spins
with S=1 directly from the abundant protons.

This would provide high-éensitivity double-quan-
tum spectra directly. In this paper we discuss
such NMR cross-polarization experiments between
abundant nuclei with spin J=4 and rare nuclei with
S=1. We show experimentally and theoretically
that it is indeed possible to polarize the double-
quantum transition of deuterium from protons in a
solid.

In Sec. II we review briefly the spin thermody-
namics of cross-polarization experiments for two
spin I =3 systems (e.g., **C-'H), in order to form
a basis for the new material in this paper. In Sec.
III the theory of spin thermodynamics is extended
toa spin S=1, I=3 system. The fictitious spin-

3 operators!'!®!8 ysed to describe single- and
double-quantum coherences in the S-spin system
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compactly, are introduced and used for the de-
scription of the thermodynamics of this spin sys-
tem. The Hartmann-Hahn conditions for different
cross-polarization experiments are derived. In
Sec. IV the spin dynamics of the cross-polariza-
tion process is discussed. The theory of spin dy-
namics for spin S=3, I=3 systems'®'%19 ig ex-
tended to systems with I=% and S=1. The relax-
ation phenomena during cross polarization of the
single- and double-quantum transitions of the S-
spin systems are described. In Sec. V experimen-
tal results are presented. These results are com-
pared with the theoretical derivations in Secs. III
and IV. The modified Hartmann-Hahn conditions
for the single- and double-quantum double-reso-
nance experiments are verified. The cross-po-
larization time in deuterated benzene in the solid
state is measured and the ratio of the heat capaci-
ties of the I spins and the S spins in the solid is
obtained from the experiments and compared with
the theoretical value.

1I. SPIN THERMODYNAMICS WITH /= % AND
s-4

In this section we review briefly the spin ther-
modynamics of the cross-polarization process be-
tween high-abundance spins J=% and low-abun-
dance spins S=3 in the solid.'®* The presentation
of the theory of cross polarization in this section
serves as a reminder of notation and equations re-
quired for the remainder of this paper. The Ham-
iltonian in the laboratory frame of the spin system
under consideration, in an external magnetic field
H, and with applied rf irradiation fields at the Lar-
mor frequencies, can be represented by

H= —w,,I, ~ wysS, — 2w, I, COSW, ¢

—2w,¢S, COSWygt+ H,p+ Hyg (2.1)

with
Ng
Sb =Z S os ?
sal
N

I
19=21u7 p=x,9,2.

i=1

wo,=7vHy and wyg=vg H, are the Larmor fre-
quencies of the I and S spins, respectively. y,
and yg are the magnetogyric ratios of the 1 and S
spins and 2w,, and 2w, ¢ are the rf irradiation field
intensities in frequency units.

Hy= 2Ebislz{szs ’
is

b,s= =2y, yshraPy(cos6,,)
and

(2.2)

H,,=§a,,(1,.1, -31,,1,),

- 2.3
a;;=vihrjP,(cosé,)) (2.3)

are the secular parts of the magnetic dipole-dipole
interactions with respect to the Zeeman interaction
between the high-abundant I spins and the secular
part of the dipole-dipole interaction between the |
spins and the low-abundant S spins, respectively.
The interaction between the S spins themselves is
ignored because of their low abundance. The total
spin system can be described by the spin density
matrix p and in thermal equilibrium

png Z-l exp[—ﬁL(—wOIIz - woss:)] ’ (2'4)

where we use the high-temperature approxima-
tion

Z=Tr{exp[-B,(-w,, 1, - wysS,) |}~ Tr(1),

and where 8, = l/kTL, with 7T, the laboratory tem-
perature.

In the rotating frame defined by the transforma-
tion operator

Uy= exp[=it(wo,I,+ w,sS,)] , (2.5)
the density matrix becomes
o*= Uy (2.6)
and the Hamiltonian
H*= —w, I, ~w S, +H+Hg
=H}+Hé+H g (2.7)
with

HY=-w, I, +H,,
2.8
H¥=-wsS,. (2.8)

The x signs for the notation of operators in the ro-
tating frame are dropped from now on, because
all following equations and discussions apply to
this frame.

With the spin temperature hypothesis the gen-
eral form of the density matrix in the rotating
frame is

P=Z-1(1—B,H1—Bs Hs)’ (2-9)

where B, and B5 are the spin temperature coeffi-
cients of the I-spin system and the S-spin sys-
tem, respectively. According to Hartmann and
Hahn, for an initial condition B 1# Bg the two spin
temperature coefficients will evolve to a common
value B,, due to the influence of H,; on H, and Hg.
The rate of equilibration is strongly dependent on
the rf irradiation field intensities. With the proper
experimental conditions, this cross-polarization
process can be used to enhance the NMR signals
of the S spins. The intensities of these signals are
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proportional to 85 and we therefore wish to in-
crease this coefficient as much as possible by
cooling the S-spin system.

A schematic representation of the cross-polar-
ization process is given in Fig. 1. The enhance-
ment of the S-spectral line intensities is per-
formed by cooling the I spins first §,> 8;, and
then cross polarizing the two spin systems in or-
der to increase Bg. Two types of experiments for
the preparation of the I spin and the cross-polar-
ization process are discussed here. In the first
experiment the I spins are cooled by spin locking
(SL) and during the cross-polarization period the
Hartmann-Hahn condition

Wy = Wis (2.10)

is fulfulled. The cooling of the I spins in the sec-
ond experiment is performed by adiabatic demag-
netization in the rotating frame (ADRF). In this
case the cross-polarization process occurs with
no applied rf irradiation field on the I spins. A
schematic representation of these two experiments

is given in Fig. 2. In both cases after the prepara-

tion of the I spins we have (using || || to denote
magnitude)

8, H,ll > 1| BHll
and the density matrix can be written as
pinitial=Z-l(1 —B,HI) ’ (2.11)

where we neglected the Hg term. After cross

I Spins:
Hy+Hy

ROTATING FRAME

UJ” B U)is
E— —_—y
I SPINS S SPINS

FIG. 1. Schematic representation of the cross-polari-
zation process between two spin systems with spin val-
ues I=S=3%. The spin systems have Hamiltonians Hy+ Hyy
and Hg, respectively. The two systems are connected
by the magnetic dipolar interaction H;g. This interaction
causes an energy flow from the S spins to the I spins, if
the applied rf irradiation field intensities wy; and wyg
have the right values (Hy= - wy L —w;sS,). In a spin-
lock experiment these intensities must be taken accord-
ing to the Hartmann-Hahn condition in Eq. (2.10) w;g
=wrr.

polarization the density matrix becomes
Peinar=Z 7 [1 = BAH, + Hg) ] .

During the evolution period of p, energy is con-
served and the initial energy E, ,,,., of the total
spin system is equal to the final energy E;, ..:

(2.12)

Epit1a1™ Eginar » (2.13)
with

E pitiar = TT(Pygyiia1 H) = =278, Tr(H) ,

Eyina1=TT(pginai ) (2.14)

= =Z™B,[Tr(H%) + Tr(H3)] .

In order to obtain explicit expressions for 8, from
Eq. (2.13) we must distinguish between the SL ex-
periment and the ADRF experiment. We therefore
evaluate B, and the enhancement of the S-spin in-
tensities for the two techniques separately.

DIRECT DETECTION INDIRECT DETECTION

Spin Lock
y x y x
I: d lin w M
wyp ecoupling 11
A
90° 90° A\ A
S: Ms
Wis l Wis
o
ADRF
Y x y y
My
L: decoupling
90° 90° as5°
S: M
Wis y wis
A
AV

FIG. 2. Representation of four cross-polarization ex-
periments on a spin system, consisting of high-abundant
I spins and rare S spins. The two experiments at the top
of the figure are spin-lock experiments., Here the I
spins are prepared by a 90° pulse followed by a 90°
phase shift of the rf irradaiation field. After this pre-
paration the cross-polarization process takes place
during the application of an additional rf field on the S
spins. The intensity of this rf field must be chosen ac-
cording to the Hartmann-Hahn condition. At the end of
the cross polarization we can detect the increase of the
S signal intensity directly (left) or monitor the polariza-
tion of the S spins indirectly by the detection of the de-
crease of the I signal intensity (right). At the bottom of
the figure two ADRF experiments are represented. In
these cases after the preparation of the I spins as in the
spin-lock case, the rf irradiation field is decreased to
zero. The cross polarization occurs again by the appli-
cation of an rf field on the S spins. The direct detection
of the S signal after the cross-polarization period is the
same as for the spin-lock case. For the indirect de-
tection we must apply an additional 45° pulse on the I
spins in order to recover the I signal.
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‘A. Spin locking experiment

In the spin-lock experiment the I spins are
cooled by a 90° rf pulse followed by an immediate
90° phase change of the irradiation field in order
to lock the I spins to this field. After this prepa-
ration we apply simultaneously an rf irradiation
field on the I spins and the S spins according to
the Hartmann-Hahn condition (2.10). The Hamil-
tonian in Eq. (2.7) with lw, 1.1l >||H |l becomes

H=H,+Hg= -, I, - WS, (2.15)
where we neglect H,, and H
and

Prattiar = € Dhyp, it/ D1y (2.16)

=Z(1 = By wo I, — BrWosS,)

For convenience we transform the spin system by
the unitary operator

Us .= exp[-izn(I,+8S,)],

in order to obtain the Hamiltonian in terms of op-
erators in the z direction

HT=Ug  HUg =HT+ Hy= =w, I, - w,S,. (2.17)

The initial density matrix is now written accord-
ing to Egs. (2.11) and (2.16) as

Plaitiar= Ust, PnitiaUst= 27 (1 - B, H]) ,  (2.18)
with
Br=Brwo,/ Wy, (2.19)

which gives indeed 8,> 8,. After this preparation
the 7- and S-spin systems will evolve to a state
given by

p{lnal=z.1[1 —3,«(HT+H§)] . (2.20)

With Egs. (2.13) and (2.14) it is now possible to
calculate 8, with

E\ppim =278}, Tr(I7) = B,C,,

Ennal:Z-lﬁf[Tr(Ii)'{'Tr(Si)] (2.21)
=Bf(cl+cs)’ ‘
and
_ _BiCr _ Cs\* '
ﬁf—cl+ Cs,—B,(1+ Cz) . (2.22)

The heat capacities C, and Cg of the I and S spins,
respectively, introduced in Eq. (2.21) are defined
as

C,=08E/0B,= -Z™ Tr(HT)?= 2 w?, Tr(I?), (2.23)
Cs=0E/6Bg=-Z"Tr(HE)?=Z" w2 Tr(S?),

(2.24)
and with

Z7=(21+1)71(2S+1)¥s (2.25)
and
Tr(12)=Tr (ZIL)
7
=3(25+ )¥s(21+ 1)1, (2.26)
Tr(S§)=Tr(§;Sfi)
=3(21+1)"(25+1)¥s™, (2.27)
they become
N
< =§2_I—+[—1- wfl=%N1wf1 (2.28)
and
1 N
Cs =§§§ﬁ wig=iNgwis. (2.29)

Realizing that Ny <N, and w5 ~ w,,, the ratio ¢
between the heat capacities is very small

Cs Ns (Ufs
==S 28 s . 2.30
€ C, N, wi’ ( )

and to a good approximation we can write
Bf= Bl(l+ 5)-1 ﬁﬁ[(l - €)
=B (wo /W, )1 =€) (2.31)

B. ADREF experiment

The cooling of the I spins in the case of an
adiabatic demagnetization in a rotating frame
(ADRF) experiment is performed by first spin
locking these spins to an rf field and then reduc-
ing this field to zero adabatically. The spins are
then locked to their local fields due to their neigh-
boring I spins. The initial condition of the spin
system is here given by

pinltlal=z-l(1 _BIHII) ’ (2.32)
with
Br=Brwo,/ Wy, (2.33)

where w, represents the local field intensity de-
fined by

w.‘,:Tr(H?,)
™ Tr(1? -

(2.34)

After the preparation of the I spins an rf field is

applied to the S spins and the cross-polarization

process will start. During the cross polarization
we have )

H=Hp+ Ho=Hyp - 0,8, (2.35)

and in order to represent H in terms of S, we
again perform a transformation of the spin sys-
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tem, but now defined by the operator

U,prr = €Xp(=i378,) . (2.36)
The Haﬁliltonian becomes
HT=U o re HUpppe=Hi; = @155, (2.37)
and the final density matrix
Piinat = U AprrPtina1Usprr
=ZM1 - BAH - wsS)]. (2.38)

Energy conservation leads to a similar result as
in Eq. (2.22) for 8,

_ BiCy
Bf“ C[+ CS ’ (2.39)
with C as in Eq. (2.24) and
C,=Z" Tr(H2). (2.40)

Here again because of C,>» Cg we have

szﬁl(l -€).

C. Signal intensities

The results for 8, from the SL and the ADRF
experiments can now be used-to evaluate the in-
crease in intensity of the S-spin signals after cross
polarization. This signal intensity Mg must be
compared with the S-signal intensity Mg after a
single 90° pulse on the S spins; The signal inten-
sity Mg is proportional to B, and can be repre-
sented by

Mg=Tr(pl,.,S.)=Z"w, 5B, Tr(S?)
=4B;Nsws. (2.41)

The signal intensity Mg is easily calculated and
equals

Mg =Tr(pyS,) = Z™ wos B, Tr(S3) = 1 BN Wos
(2.42)

and the ratio between these two signals becomes

Mg wosBy

For the SL case and using Eq. (2.31) this ratio be-
comes

(2.43)

&-.‘ﬂ!f’.‘iu_@:%(l-e), (2.44)
S

S =
Mg wos Wy

where we used the Hartmann-Hahn condition in
Eq. (2.10). For the ADRF case we obtain the same
result if we assume that

(2.45)

From (2.44) we see that for an SL or an ADRF ex-
periment the enhancement of the S-signal intensity

w;=Wg.
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is v,/vs, which equals 4.2 for I spins 'H and S
spins '3C.

In addition to the direct detection of the NMR
signals of the S spins it is also possible to moni-
tor the cross-polarization process by an indirect
detection method.'? In that case we monitor the
decrease in the signal intensities of the I spins
due to cross polarization. This can be done as a
function of time by repolarizing after evolution of
the S spins to monitor the high-resolution S free-
induction decrease (see Fig. 15 of Ref. 13). In
the SL experiment this signal intensity just after
spin locking equals

M;: Tr(piTnitialIz)

=Z"w, B, Tr(1%)=1N,w, B, (2.46)
and after cross polarization
M =Tr(pfipal.)
=Z 1w, B, Tr(12)={N,w, 8. (2.47)

The relative decrease in the J signal intensity is
therefore [using B, from (2.22)]

Mi—-M;_Br—Bs _
M B
This is modified to €[2 -~ S(#)], where S(¢) is the
S free-induction decay, for the experiment of
Ref. 12.

The small change in M, due to the cross-polar-
ization process gives a measure for the ratio of
the heat capacities of the S spins and the I spins.
For ADRF a similar result is obtained for the
relative ratio in Eq. (2.48).

€. (2.48)

III. SPIN THERMODYNAMICS WITH I = % ,8=1

A. Introduction

We describe here the thermodynamics of cross
polarization for the case of abundant spins I =4
and rare spins S=1. Because the S-spin system
is a three-nuclear-spin-energy-level system, the
theory of cross polarization for this system is
somewhat richer than the =%, S=% case. How-
ever, we realize that under appropriate conditions
in an NMR experiment the cross-polarization pro-
cess occurs only between the I spins and one of
the transitions of the S spins. Both the two al-
lowed transitions (AM =1) and the forbidden doub-
le-quantum transition (AM = 2) can cross polarize
separately with the I spins, depending on the ex-
perimental conditions. The cross-polarizing tran-
sition of the S spins can be treated as a fictitious
spin-5 transition and the part of the S-spin system
corresponding to this transition, together with the
I spins, forms a spin system similar to the one
discussed in Sec. II. Therefore we can use the
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formalism of Sec. II to describe the cross-polar-
ization process for the I=%, S=1 case, and this
simplifies the theoretical derivations of the spin
thermodynamics. .

In this section we discuss the spin thermodynam-
ics of cross polarization for each individual tran-
sition of the S spins separately. For each case
the corresponding Hartmann-Hahn condition is
derived, spin temperatures are calculated, and
the signal intensities from direct and indirect de-
tection measurements are obtained. To simplify
the actual calculations we first introduce the fic-
titious spin-3 operator formalism for the S-spin
system. Then the general theory of cross polar-
ization is given and finally explicit expressions
are derived.

B. Spin system with S = 1
Fictitious spin-4 operator formalism

It was shown that for the description of NMR ex-
periments on multilevel spin systems, it is con-
venient to express the Hamiltonian and the spin
density matrix in terms of fictitious spin-3 op-
erators.’»'™!® For spins S=1 the matrix elements
of these operators are defined in the basis set

D= ]+1), |2)=]0), |3)=|-1), (3.1)

where |+1), |0), and |-1) are the eigenstates of
S, of the S spins. The operators are defined by
their nonzero matrix elements using the notation

SPIN I=1
m=={ —m——
13>
Y wy-wy wo
y [2>
m=0 —f— i LABORATORY
} FRAME
w,
(] w,
wo +mQ 0
m=1 -«
!I>
ZEEMAN QUADRUPOLE
——l2>
7 wg ROTATING
——— FRAME
\
1>, (3>

FIG. 3. Energy level diagrams of a spin S=1 in a sol-
id in an external magnetic field. The Zeeman and quad-
rupolar frequency shifts are shown in the laboratory
frame and in the rotating frame. The eigenstates of S,
are |1, |2), and [3) with m=1, 0, and —1, respectively.

of Vegal”:
G |Si |j=CG|si¥ |id=1%,
(i|Si |jp==(j|Si¥|id=3%1, (3.2)

(i|Si|iy==(j|Si7 =3,
and we see immediately that the operators S},'z
and Sf,'s with p=x,y,2z form the single-quantum op-
erators, while S},“‘ are the double-quantum oper-
ators. With these definitions we obtain

S, =V 28y %+ 829,
S,=V2(S)"2+577), (3.3)
S,=2S81"%=2(S,"%+ 829,

and with [Si7, Si~7]=iSi~/ where p,q,7 =x,y,z or
cyclic permutations we have

Ui (~0)SiU i¥(8)=Si cosb+ S} sind,
where
U i(6) = exp(i6S:™) .
Additional commutation relations between the Si™
operators are given elsewhere. "8
Hamiltonian

The Hamiltonian of the S spins in a solid in an
external magnetic field H,= w,s/¥s and with an rf
irradiation field at frequency w and intensity w,g,
becomes in the rotating frame

= =AwS, + 3wy [S - S(S+1)] - wsS,, (3.4)
with the quadrupole frequency
wo=1 €%qQ[3(3 cos®0 ~ 1) + nsin*6 cos2¢ |
and the off-resonance frequency
Aw=w,—-w,

In terms of the fictitious spin-; operators, H be-
comes

H= =20 w82 + Fwy(St™2 ~ Sﬁ'S)

=V 2w,5(Sy" 2+ S7?) (3.5)
and the general form of the density matrix is
p=a,l +Z Z aj sk, (3.6)
iKJ p=x,9,2

with
ai” = Tr(pSi).

A schematic representation of p is given in Fig. 4.
In this representation we assign to each transition
a coordinate system with axes x4, y#  and zi/
and we define p by one vector in each of these
systems. The three vectors are not totally inde-
pendent because the S}~/ operators are not indepen-
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Uy Az m) = exp(izTSy?)
and we get
HY=UY*(—3mH UL *(37)
= —8WSL 24 VBw oS % — (% wg+ Bw)(SL 3+ S2°9).
(3.9)

This Hamiltonian can be written in terms of two
commuting parts:

HS + H3, 4 Hs (3.10)
with ‘

HE =V 2w, ¢St 2 - dwSL 2,

HE,= (% wo+ 0w)(SL%+ 829, (3.11)
and

(HE,,HE,]=0. (3.12)

The commutation relation can be verified using the
general rule

[Si9,Si*+ Si™*] =0, p=x,y,2. (3.13)

From this form of Hg we see that the Hamiltonian
looks like a spin-; Hamiltonian Hg, and a remain-
der Hg,, which is orthogonal to it thermodynam-
ically. In this particular case the 1-2 transition

FIG. 4. A vector representation of the density matrix
p of a spin S=1. In terms of the fictitious spin-—% angu-
lar momentum operators we can write p=a, 1+ E?=1
szﬂ,y, 2@ f," I ;‘j . For each possible combination i-j

. s . 1 .

we define a coordinate system which contains a vector for fns the f'lctltlous spin-z system. The Hamil-

@i-?, al"?, al~%). Inour case three systems with three tonian Hg, in this coordinate system consists of

vectors describe the density matrix p. Notice the de- an rf irradiation term with an effective field

pendence of the components of these vectors a ;- +a%-3 strength V2w, ; and an off-resonance term with
13- .

—a,*=0. off-resonance frequency dw. In this case the ¢'"2

vector of p behaves like a fictitious spin-; mag-
netization vector under off resonance dw and ir-
radiation strength V2w, ¢ in the 1-2 coordinate

dent: system.
Siti= itk Sk, (3.7)
The behavior in time of p can be represented by Irradiation near other allowed transition (Aw ~ -wp)
the motion of these vectors due to the effective
field each of them feels. In the case Aw= —wy+ 6w the Hamiltonian of Eq.
(3.5) is of the form
Irradiation near allowed transition (Aw ~ w, ) Hg= —0wS2? — ‘/_zwxs s
For an rf irradiation field at a frequency close to . 4 1- -
k3 ) 2 L= 3 .
one of the satellites of the S spectrum Aw=w +(3 o+ 8w)(S;"*+ 5;7°) (3.14)

Q

+ 6w the Hamiltonian becomes and with an additional transformation it becomes

H, = —Z(wQ+ 13} w)(S;" 24 Sﬁ' %) ng Ui- 3(-—%#)HU§' 3(47)
+5Wq(8y7% = 87°) = V2w (8, P+ 5770) = —0wS¥ 3+ V2w, S7°
and with Eq. (3.7) and w5, dw <w, +(Lwg+ bw)(SL 2+ 879,
Hg > -8wS;"® = V2w,4S5;"* with
= (F wo+0w)(S;73+ 5%°9). (3.8) U2 %3m) = exp(inS2?),

In order to change the irradiation term in Hg to a
Zeeman-like term, we transform Hg with the r r
unitary operator HT=H}, + HE,, (3.15)

which again can be written as
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From these equations we see that the 2-3 transi-
tion forms the fictitious spin-} transition and this
is exactly the irradiated transition according to
the definitions in Eq. (3.1).

but now
HE, = —0wSZ %+ V2w, 4823, (3.16)

Hg,= (% 0o+ 0W)(S;™2+5;77).

Irradiation near center (Aw ~ 0)

Weak rf irradiation w,y < wg near the center of the spectrum of the S spins can introduce double-quan-
tum coherence between the levels |1) and |3). In this case we would like to be able to write the Hamilton-
ian also in the form of Egs. (3.10) and (3.14). 'In order to obtain this form it is necessary to transform Hy

with the unitary operator
Uy (37 = expliznS)"°%) ,

which results in

(3.17)

U} AU )= =200t %+ Fug(Sy -7 ~ 2aysT

= ~2008E"® = WS ® — 2w, 87 %+ Fw (S 2+ S1Y) (3.18)

2

The actual evaluation of this transformation and a discussion about the fact that the (1-3) transition after
this transformation still corresponds to the double-quantum transition, is given elsewhere,!” An additional

transformation of Hg with the unitary operator

U2 %(6) = exp(~i 05> ?),

tanf= 2“"1/“’0 , (3.19)
will result in
Hg=UZ =-0)U}" H=zmMH UL 3(3mU 2 3(6)
= =20w cos} 0S.™° - 20w sing 65} % — (W} + 4wfs)'/ 2857 %+ £ wo(S;™ 2+ S;79). (3.20)
With the assumptions w, w53 <w,, and 6 <1 this tilted Hamiltonian becomes
HE = —20wSh™% — 3 [(w3 +4wis) 2 = wg ]S 2 + Fwy(Sy ™2 = 8279)
~ —20wSE™ % — (wis/wg)SL 3+ Fwy(SL 2+ 82°3). (3.21)

This equation can be written again as

HE = HE, + HE,, (3.22)
with
Hg, = =20wS)® = (wis/wg)Si™2, (3.23)

HE,= B8~ 5279,

Now the (1-3) double-quantum transition forms
the fictitious spin-; system.

In all three cases we succeeded in representing
the Hamiltonian in terms of two commuting parts,
one part representing a fictitious spin-} Hamil-
tonian, We can now apply the theory of Sec. II to
describe the cross-polarization process between
the I spins and the fictitious spin-3 transition of
S. In the following subsection we give a general
description of the cross polarization of all three
cases and for each case we derive explicit equa-
tions for the various interesting parameters sep-
arately.

C. Cross polarization

The Hamiltonian of the I=%, S=1 spin system
during cross polarization can be defined by

HT=H1+H§‘1+H§2+H§‘S: (3.24)

where H, is defined in Eq. (2.8) and the explicit
forms of HZ, and HY, are dependent on the experi-
mental conditions, i.e., which transition of the S
spins is irradiated and monitored. HZ is the di~
pole-dipole interaction between the I and S spins
and the actual form of H}g in terms of the S{” op-
erators is given later for each transition separate-
ly. If we consider again the spin temperature ap-
proximation in the rotating frame, the spin den-

sity matrix has the form

pT=Z (1 —yBHS, - Bs H, - BH)) . (3.25)

The temperature coefficients of Bg, and 85, may
have different values, because their two corre-
sponding terms in pT form two constants of the
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motion and therefore behave independently from
the thermodynamic point of view. Cross polariza-
tion occurs only between the I spins and the part
of the S spins corresponding to Hg,. If the spin
system is prepared in a state with 8,# Bg,, the
density matrix will evolve, during proper applied
irradiation fields, towards

pfing:Z-l[l "Bf(HSI"'HI)—ﬁSzHSZ] ’ (3'26)

where the final temperature coefficient is calcu-
lated in the same way as in Sec. II:

_ Bs1Csy+ B:C;

b= (3.27)

The heat capacity C; of the I spins is defined in
Eq. (2.28) and the heat capacity Cg, of the H, part
of the S spins equals

_ 9
9Bs,

In a cross-polarization experiment the value of
B, in the initial density matrix is prepared in the
same way as described in Sec. II. Again two tech-
niques are considered, spin locking (SL) and adia-
batic demagnetization in the rotating frame
(ADRF). In the thermal mixing period the rf irra-
diation fields on the I and the S spins must be
chosen properly in order to minimize the cross-
polarization time. The efficiency of cross polar-
ization as a function of the irradiation field inten-
sities is discussed now for the different transitions
of S. In the SL case for each transition the Hart-
mann-Hahn condition is derived and the 8, and B
values are evaluated. Direct and indirect detec-
tion methods are discussed as well.

Cs, [Tr(pTHE)]. (3.28)

D. Single-quantum (AM = 1) polarization
Spin temperature and the Hartmann-Hahn condition

Enhancement of one of the NMR spectral lines
of rare S spins in a solid can be achieved by cross
polarization between the corresponding allowed
single-quantum transition of the S spins and the
abundant I spins. With the general description of
cross polarization in the spin system with /=%
and S=1 given in the former paragraph, we can
derive easily explicit expressions for the spin
temperature coefficients in our case.

We consider an SL experiment on the (1-2) tran-
sition of S and derive the modified Hartmann-Hahn
condition. The total Hamiltonian of our spin sys-
tem, during the thermal mixing time is given in
Eq. (3.24)

T _ yT ., T T T
H"=H} +Hg, + Hg,+ His

with HT given in Eq. (2.17) and Hf, and HZ, in Eq.
(3.11). The dipole-dipole interaction HZ is ob-

tained by tilting H,;3 (Eq. 2.2) with the unitary op-
erator

Usy?=explizm(Sy 2+1,)] (3.29)
and results in

Hfs = (Usux.2 -lHtsUéiz

SCERR O MIRNCIO AR
is

=290, 1, Sk 2+ 23 0, L Sk + S%°)
is is
=Hjs,+Hlg,. (3.30)

We used Eqgs. (3.3), (3.7), and (3.9) for the deriva-
tion of Eq. (3.30). Ug;? is the operator which tilts
simultaneously, H, and Hg to HT and HZ, respec-
tively. In Fig. 5 we show a schematic representa-
tion of the single-quantum cross-polarization pro-
cess. From Eq. (3.30) we see that H%; can be
divided into two commuting parts

(His1, His2] =0 (3.31)
and for dw=0

[H?SI’ng] = 0 )

[Hs,, HE,]=0. (3.32)

From these commutation relations it is clear, that
for experiments on the (1-2) transition, only the
term H, in the dipole-dipole interaction is active
during the cross-polarization process.

To evaluate the spin temperature coefficients of
our spin system after an SL experiment, we per-

I Spins:
Hp+Hy

FIG. 5. Schematic representation of the cross-polari-
zation process between a spin I —% system and an al-
lowed transition of a spin'S=1 system. The spin sys-
tems have Hamiltonians Hy+ Hy; and Hg= Hg+ Hg,, re-
spectively [Egs. (2.15), (2.35), and (3.8)]. The part of
the S-spin system, which corresponds to the allowed
transition, is given by the Hamiltonian Hgy [Eq. (3.11)].
The dipolar interaction Hyg= Hyg + H;g, between the I and
the SspinsisgiveninEq. (3.30). Hjg, isthe Hamiltonian of
the interaction between the I spins and the allowed trans-
ition of the S spins. The Hamiltonians involved in the
cross-polarization process are Hy+Hp, Hgy and Hpgy
only. Cross polarization occurs if we apply the right rf
irradiation field intensities w;; and w;g on the I and the
S spin systems, respectively; (Hy= —wp I, —wysS,
+wgS,). In the case of a spin-lock experiment this means
that the Hartmann-Hahn condition in Eq. (3.34) must hold
V2 wrg=wyy.
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form a similar calculation as in Sec. II. After the
preparation of the I spins, the density matrix
Pinitiar 1S given again by Eq. (2.18), and thermal
mixing will occur when the Hartmann-Hahn condi-
tion is fulfilled. In our case cross polarization
takes place between the terms of p” with

HY, = ~00S,"*+ VBu,sS) % and B = —w, 1,
(3.33)

and the corresponding Hartmann-Hahn condition
becomes for dw=0 (see Fig. 6)

Va2wg=w,, (3.34)
and in general
dw?+ 2wig = wi,. (3.35)

With the expression for 8, in Eq. (3.27) together
J

with the initial value of B, for the SL case (Eq.
2.19) we obtain

3f= B[(l + C51/C1).1 o ﬁL(wol/w]_[)(l - €S) ’ (3-36)
where the heat capacity C, is given in Eq. (2.28)
and the heat capacity Cg, equals

Cg1==~Z* Tr(HE))?

= ~Z"(6w?+ 2wis) Tr(Si"3)?
=+ Ns(dw?+ 20%). (3.37)
The ratio between Cg, and C, is

Cs1 2 Ns 3w+ 205

€= . . (3.38)
$7C, 3N, W

Insertion of B; in the final expression for the den-
sity matrix yields

Phinar =27 [1 = B(wo,/wy N1 = €5)(~0wSL 2+ V2w, S22 - wy1,) fBL(%“’Q - bw)(S;™ 3+ 8279)]. (3.39)

Similar results are obtained for SL cross-polar-
ization experiments on the (2-3) transition of the
S spins.

For ADRF experiments the I-spin system is not
irradiated during the thermal mixing and in order
to obtain g, from Eq. (3.27) we have to use H,
=H,; (Eq. 2.3). The tilted frame in the ADRF case
is obtained by the transformation operator

Uioer = €xp(izmS;™ %) ' (3.40)

SINGLE-QUANTUM CROSS POLARIZATION

//,_—r—.—-_
//
|1>;|3>==/\ 2wg
w, \,
AN -
2> . % |«/éw1s - Juy
S SPINS I SPINS
Aw=0 Aw:=wq Aw=wq
Wi =0 Wy =0 Wy # 0

FIG. 6. Energy-level diagram of a spin S=1 system
and a spin I=3 3 system in the rotating frame. In addition
to the external magnetlic field and the internal quadru-
polar interaction Hg=3 wglSZ—S(S+1)], rf 1rrad1atlon
fields are applied with Hsf- ~wigS, —AwS, and H
= —wpl,. For Aw=wq the HS, Ha_mlltoman oorresponds
to an irradiation field at the frequency of one of the al-
lowed transitions of the S-spin system. The energy lev-
els of the S spins are the eigenstates of the Hamiltonian
Ho+ HS, with Aw=0 and w;s=0, Aw= wq and w;g=0, and
Aw=wgq and Wyg# 0. The energy levels of the I-spin
system correspond also to the diagonalized Hamiltonian
H :, In a spin-lock cross-polarization experiment the
rate of the energy flow between the I and the S spins is
maximum, when the S-energy difference f:‘z'wts is equal
to the I-energy difference w;;. This is just the Hart-.
mann-Hahn condition in Eq. (3.34).

I

which does not affect H,. By replacing w,; by w,;
[Eq. (2.34)] and taking C, from (2.40) in (3.27) we
obtain the expression for 8, after the ADRF ex-
periment.,

From the expressions for 8, and pf, ., it is pos-
sible to evaluate the S-spin single-quantum signal
intensities. The results of these calculations must
be compared with the S-spin signal intensity after
a single 90° pulse in order to obtain the enhance-
ment factor of the cross-polarization experiment.
The destruction of the I-spin signal intensity after
cross polarization can also be calculated. The
measurement of this destruction forms an excel-
lent method for the detection of the efficiency of
cross polarization as function of irradiation
strengths, off-resonance frequencies, and time
evolution of the S spins.

Signal intensities

The NMR signal intensity of the S spins after an
SL experiment on the (1-2) transition can be cal-
culated with pT, .. This signal intensity of the
(1-2) transition in the x direction.is

=V2Tr(pyypaSy 2=V 2Tr(pf150 55 %)
=-z7g, =Y 2L (1 - ) By TH(S} '

V2 w
= —TNS wOIBL 18 (1 -€s), (3.41)
where the v2 factor in (3.41) is derived from the
definitions of the S} operators in Eq. (3.3). Ina
similar way we can show that the other contribu-
tions to the S-spin signal intensities are all zero:
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M5 =V 2Tr(pySy ")
=vV2Tr(pf;,,,Sy" =0,
o= V2Tr(pyy,, 57 °)
Tr[pfua(S; *+5,7°)]=0
5y =V2Tr(pyyp0 Sy °)
= Tr[priaar(S5° = 8,7)] =

The Fourier-transform S spectrum after an SL
experiment consists therefore only of the spectral
line which is irradiated during the mixing time.

In Fig. T we show a result of an SL experiment on
solid deuterated benzene. We clearly see that only
the signal of the cross-polarized transition ap-
pears. In the figure this signal is compared with a
signal obtained after a single 90° pulse on the S
spins.

To derive the enhancement of the (1-2) transi-
tion after cross polarization, with respect to the
normal free-induction-decay signal after a 90°
pulse, we calculate the intensity of this last sig-
nal. The intensity of the signal of the (1-2) transi-
tion after a strong 90° pulse on the S spins is

M=V 2Tr(pyS; %)
=Z" 2B wyg Tr(St™?)?
= %ﬁNsﬁLwos .

(3.42)

(3.43)

The 90° pulse was taken in the y direction

B WP T S S U R T R S SRR BN

Cross Polarization

| IR SO SIS N S S S SN N T
40 30 20 10 0O -0 -20 -30 -40
v (kHz)

FIG. 7. Deuterium powder spectrum of solid ben-
zene-d;. The upper spectrum is the Fourier transform
of a proton decoupled deuterium free-induction-decay
signal obtained after a single strong rf pulse. This
powder spectrum can be considered as if it consists only
of two spectral lines at vg= +35.2kHz. The lower spec-
trum is obtained from the deuterium free-induction-de-
cay (FID) signal after a spin-lock cross-polarization ex-
periment on the vgo=35.2kHz transition. From this
spectrum we see that the nonpolarized transition does
not give any signal intensity, as was predicted in Eq.
(3.42).

Poo= e-itr/ Z)Sypeqei(v/ 2)Sy
=Z71 = By wosS, = Brwo I, ]
=Z 1 = V2B wos(Sy 2+ 83%) —BLwo,d,]  (3.44)

with p,, from Eq. (2.4).
Comparison between Eqgs. (3.41) and (3 43) gives
an enhancement factor

lM X wOI ‘/__wls (1_ )
ML 01 s @y

29 (g, (3.45)
7s 1r
With the Hartmann-Hahn condition and dw=0, the
enhancement of the signal intensity M},? is again
equal to the ratio of the magnetogyric ratios of the
I and S spins. This is not surprising, because the
cross polarization occurs between the I =3 spins
and the single-quantum fictitious spin-5 (1-2)
transition of the S spins. Exactly the same results
are obtained for the (2-3) transition. For an ADRF
experiment on the single-quantum transitions of
the S spins we obtain the same expression for
MY,? as in Eq. (3.41), except that we replace w,,
by w,.

The destruction of the I-spin signal intensity
after an SL experiment on the (1-2) transition of
the S spins can also be obtained easily. Similar
to the derivation in Sec. II we get as in Eq. (2.48)

M;—M,_ ZNS 2wis + dw?

= —_——, .46
M; h 3N, %, (3.46)

The same relative destruction is obtained for an
SL experiment on the (2-3) transition of the S
spins.

For an ADRF experiment the destruction of the
I-spin signal is the same again as for the SL case,
except that an efficiency factor 7 must be added to
Eq. (3.46). This factor is dependent on the experi-
mental method for the recovery of an I signal from
the cooled dipole-dipole interaction reservoir of
the I spins. In this article we consider the ap-
plication of a 45° pulse on the I spins in order to
momtor the spin temperature coefficient g, of
Plinare

We now turn to the interesting case where the
double-quantum transition of the S spins is po-
larized. The cross polarization between the
spins and this double-quantum transition can be
used to create enhanced double-quantum coher-
ence. Because the double-quantum coherence is
independent of the quadrupolar interaction, its
time behavior after cross polarization is strongly
dependent on chemical shifts. Measurements of
this time dependence form an alternative method
for the detection of high-resolution spectra in
solids.



E. Double-quantum (AM = 2) polarization
Spin temperature and the Hartmann-Hahn condition

Cross polarization between the I spins and the
double-quantum transition of the S spins can also
be described with the general theory for cross
polarization in the =3, S=1 system given be-
fore., The Hamiltonian for this case is given again
in Eq. (3.24) with HT for the SL experiment given
in (2.17). The terms Hg, and Hg, in the Hamil-
tonian are given in Eq. (3.23). A representation
of this cross-polarization experiment is given in
Fig. 8. In this case the dipole-dipole interaction
term H7g is obtained by the transformation oper-
ator

Usi®=exp[izm(S; *+ 1,)] exp(i6S2°) , (3.47)
His=(Ugy®) *H,sUsy?
= \ZZbis cosz 6831,
is
+2) b, sinz 08k, , (3.48)
is

where 0 is given in Eq. (3.19). For a weak irra-
diation field with w, 3 <w, we have 6 <1 and H{g
becomes

HIg =23 b, S°L,. (3.49)
is

The final temperature coefficient B;, after the
)
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thermal mixing of
HE, = =20wSL™% —(wi/wy)St?,
with .
Hy=ww,l,,
can be calculated in the same way as we did before
Bs=B 1+ Cs)/CY* = Bf1 - €p). (3.50)
The heat capacity of the double-quantum transi-
tion is
9
®Bs1
=+ Ng(w}s/w} +400%) (3.51)

Csy=

Tr(pTHE,)= -Z* Tr(HE,)?

and the ratio ¢, between Cg, and the heat capacity
of the I spins equals

ep=ost=2ls Lis[@ot 20 (3.52)
PTC, 3N, Wi,

The Hartmann-Hahn condition for this case be-
comes with 6w=0 (see Fig. 9)

wis/wo= Wy, (3.53)
and in general
wis/w? + 40w?= Wi, (3.54)

The density matrix after the SL cross-polariza-
tion experiment is

Prinar =271 - B(wo,/ @ )1 — €p)[-20wS,™3 — (w?/wQ)Si' Sy I, ] - %ﬁLwQ(Sz‘ 2829}, (3.55)

For the description of ADRF experiments on the double-quantum transition we can use exactly the same
arguments as were represented for the single-quantum case.

DOUBLE-QUANTUM CROSS POLARIZATION

I Spins
Hr + Hy

FIG. 8. Schematic representation of the cross-polari-
zation process between a spin I =% system and the dou-
ble-quantum transition of a spin S=1 system. The spin
systems have Hamiltonians H;+ Hy and Hg=Hgy+ Hg,,
respectively [Egs. (2.15), (2.35), and (3.23)]. The part
of the S-spin system corresponding to the double-~quan-
tum transition is given by the Hamiltonian Hg, [Eq.
(3.23)]. The whole dipolar interaction Hys [Eq. (3.49)]
is active during cross polarization. Cross polarization
occurs if we apply the right rf irradiation field intensi-
ties wy; and wyg on the I- and S-spin systems, respec-
tively (Hp=wyrL —w;sS,). In the case of a spin-lock
experiment this means that the Hartmann-Hahn condi-
tion in Eq. (3.53) must hold wls/wg=wy;.

r

Detection of the double-quantum coherence

The double-quantum coherence, created at.the
end of a cross-polarization experiment, cannot
be measured directly. In order to transform this
double-quantum coherence to single-quantum co-
herence, it is necessary to apply an additional 90°
pulse on the S spins., To transfer the total double-
quantum coherence to single-quantum coherence,
this 90° pulse must be 45° out of phase with the x
direction,

For the SL case on the (1-3) transition the doub-
le-quantum coherence is

T 7 Yor (1 W} -3
Ppq= BLZ)——( _€D)—(;;; Sz . (3.56)
ir

In Appendix A the effect of this pulse on pf, is
calculated for the ideal case that the irradiation
intensity is much stronger than the quadrupolar
interaction. In the rotating frame the result is
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DOUBLE-QUANTUM CROSS POLARIZATION

¥ @
|1>3]3> ==z

—IZ—\ ; ¥

|2> -
Aw=0 Aw=0
wyg =0 wis #0
S SPINS I SPINS

FIG. 9. Energy-level diagram of a spin S=1 system
and a spin I—— system in the rotating frame. In addition
to the external magnetlc field and the internal quadru-
polar interaction {HQ_. 3(.00[3 —-S(S+ 1)} rf 1rrad1at10n
fields are applied with Hsﬂ— —wysS, and HL = —wy L.

For w;s much smaller than the quadrupole frequency wq,
Hff results in an effective irradiation of the double-quan-~
tum transition of S. The energy levels of the S-spm sys-
tem are the eigenstates of the Hamiltonian Hg+ H3 with
wys=0 and w; s 0, The energy levels of the I-spm Sys-
tem are the eigenstates of the Hamiltonian H .Ina
spin-lock cross-polarization experiment the ra’ce of the
energy flow between the I spins and the S spins is maxi-
mum when the S-energy difference wj s/wQ is equal to
the I-energy difference wyr. This is just the Hartmann-
Hahn condition in Eq. (3 53).

Poa=4278,— (1 - )L (s*- —ss

+SEm2_82%),  (3.57)

These single-quantum terms of the density matrix
can be measured and give a signal intensity of

2
[6) w
-1 (4 IS
MS=Z BL'—"wll (I—ED _—— .

o (3.58)

This signal must be compared with the intensity
of the signal after a single strong 90° pulse on the
S spins

MS = Tr(peqsz) = Z-IBLwOS .

The ratio between the signals in Eqs. (3.58) and
(3.59) becomes

(3.59)

lMs | wo[ Wrs ’YI ‘st
- 1—e€))= 1-
Mgl ~ wos Wy wq (1-ep)= w ( €)-

(3.60)

From these results it is clear that the double-
quantum coherence can be monitored with higher
sensitivity than normal single-quantum coher-
ences.

To follow the cross-polarization process with
the double-quantum transition, we can detect again
the destruction of the I-spin signal intensity after
the thermal mixing period. The results for the
relative destruction of the I signals are exactly
the same as for the single-quantum cross-polar-
ization case. Changing the effective irradiation
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field intensity of the single-quantum case to the
intensity for the double-quantum case and putting
€, instead of ¢g in Eq. (3.46) we obtain

MI_MI =€ 2Ns wIs/(l)g+46w (3 61)
—_— 2 .

M} 73N, w?
Again, this can be used to monitor the S high-res-
olution double-quantum free-induction decay
[Sy(#)] by the method of Ref. 12. In this case
(M3=Mp)/Mj=ep[2 - Sp(t)] for one contact.

In this section we showed that it is possible to
obtain enhanced NMR signals from single- and
double-quantum transitions by cross-polarization
experiments. Direct and indirect detection meth-
ods can be used to follow the cross-polarization
processes. Several experimental results of deu-
terium-proton cross polarization in a powder sam-
ple of benzene-d, will be demonstrated later. How-
ever, before we compare these experimental re-
sults with theory, we shall discuss some of the
dynamical properties of cross polarization,

IV. DYNAMICS OF CROSS POLARIZATION-

A. Introduction

The most important parameter concerning the
dynamics of cross polarization is the rate of spin
thermal mixing 775 between the I and S spins. If
we know the dependence of T7¢ on the experimental
parameters w,g, w,,;, and Aw, then we can design
and perform efficient cross polarization and signal
enhancement experiments. In order for the spin
system to reach thermal equilibrium, the length
of the mixing time of a contact must be of the or-
der of T,;. For mixing times shorter than T,
the spin system does not reach equilibrium and
the spin temperatures 8, and B of the 7 and S
spins in a crystal do not become equal. In this
case the values of 8, and 85 can be calculated from
the rate equation, which describes the spin energy
flow between the - and S-spin systems.

In this section we calculate T75 as a function of
the experimental and lattice parameters for a spin
system with spins I=% and S=1. McArthur et
al.** and Demco et al.'® derived expressions for
T7s for the I=S=3% case, and we extend their the-
ory to obtain 775 for the I=%, S=1 case. To
form a theoretical basis for our extention, we
first give a brief review of the I=S=% case. Then
the equations for the I=S=3 case are used in or-
der to obtain explicit expressions for T7; for the
spin system with I=% and S=1.

B. Cross relaxation between I = —i— and § = % spins

During a cross-polarization experiment on abun-
dant I spins and rare S spins in a solid, energy
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flows from a “cold” I-spin system to a “hot” S-
spin system. The rate of the energy transport is
dependent on the experimental parameters and the
dipolar interactions between the spins. The di-
polar interaction H s between the I and S spins
forms the main mechanism for this energy
transfer. Due to the mutual spin flips among
the I spins, this interaction H,s is fluctuated.
These fluctuations cause spin flips among the I
and the S spins. The efficiency of the energy flow,
created by this mechanism, is strongly dependent
on the external applied rf fields. In the rotating
frame, the I and S spins must be prepared in such
a state that these mutual flips conserve energy.
For example in the case of a spin-lock experiment
this is accomplished by the Hartmann-Hahn condi-
tion.

It is clear from these arguments that the rate of
cross relaxation 775 is dependent on the strength
of the H ¢ interaction and on the correlation func-
tionof the fluctuations of H; g, causedby thedipole-
dipole interaction H,, between the I spins. The
expression for 775 in terms of these interactions
was given by McArthur ef al.'* For a spin system
with I=% and S=3 they obtained for the cross-re-
laxation rate

1 f"“ .
-1 _ -i(Hg+H pt
s T——Tr(st z ), dt Tr({H s, Hg]e 1
X [Hys, Hy |e s int) . (4.1)

From this equation we see that the rate of cross
polarization is equal to the time integral of the
auto correlation function of that part of H; which
does not commute with Hg. This part of H g
causes the fluctuations in the S-spin system and
therefore governs the value T75. Equation (4.1)
was derived with the assumption that at any time
during cross polarization, the I and S spins have
a well defined spin temperature. The spin Ham-
iltonian H=H + HgH s for the [=S=3 case is given
in Sec. II and its terms must be inserted in Eq.
(4.1). Because the explicit forms of these terms
are dependent on the type of cross-polarization
experiment, we calculate the cross-relaxation
rates T75 for SL and ADRF measurements sep-
arately.

SL experiments

In a spin-lock experiment the spin Hamiltonian
in the rotating frame of the spin system with I=S
=% is given in Eq. (2.7). Because the traces in
Eq. (4.1) are independent of the representation of
H, the terms of the tilted Hamiltonian H” [Eq.
(2.17)] can also be inserted into the expression for
T7s. The terms of the tilted Hamiltonian are

HY= —w,,I,+HY,, (4.2a)

HY=-w, S, -AWS,, (4.2b)
H%s=2) b.1..S,, (4.2¢)
i
HE,=D a,(I,1,-31,1,). (4.2d)
ij

In Eqg. (4.2b) an off-resonance term is added in or-
der to compare its effect on T, in the I=%, S

=1 case with the effect of off-resonance terms in
cases with I=%, S=1. The summation in Eq.
(4.2c) is reduced to the I spins only, because the
S spins are very low in abundance and they can be
considered as single isolated spins.

If the irradiation field intensity w,; is much
larger than the strength of the Hf, dipolar inter-
action in the HT Hamiltonian, this dipolar inter-
action must be truncated. -Only the part of HY,
which commutes with —w, I, (the secular part) re-
mains and it equals

HEO = -3 Y a, (1,1, -31,,1,). (4.3)
] ‘
Before insertion of Egs. (4.2) into (4.1) we per-

form an additional tilt on the Hamiltonian H7 in
order to simplify the actual calculations:

HTT = U(-8)HTU(0), (4.4)
with

U (6)= exp(-i6S,)
and

tan9=Aw/wls .

This tilt results in the following:
HIT=HT, (4.5a)
HIT=—w,S,, (4.5Db)

HTT=2c080 b,1,.S,+2sin6) b,I.S,, (4.5¢)
i i

TT V] -
HIT@ = g7, (4.5d)
and
wig=AwP+ wis.

With these equations a straightforward calculation
of T75 in (4.1) yields

T =% cos®0M5J (w,s —w, ), (4.6)
where the second moment M5 equals
Tr[H%s,S,]?
M§=— e 4.7
2 Tr[S,]? (4.7)
and the spectral density J,(w) is defined by
J,= f dt coswtC () , . (4.8)
)

with the autocorrelation function
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c)= [Tr(zi:bilz, )2]'1 Tr[(‘;biz,i>e-i”f}°“ (Z{:bil,,) eiﬁfz‘mf] . (4.9)

M5 is the second moment of the S-spin spectral line, broadened only by the dipolar interaction between
the S and I spins. The auto correlation function C (1) represents the fluctuations of the dipolar interac-
tion caused by the effective part of the H,; interaction. The spectral densityJ ,(w) gives the density of these
fluctuations at frequency w. Because the spectral density is maximum at w=0, the T35 is high when the
experimental parameters w, g, Aw, and w,, are chosen according to the Hartmann-Hahn condition

W, = “’11'

From Eq. (4.6) we see that 77 can be calculated, if we know the experimental parameters w,g, Aw, and
w,,, and if we evaluate M3 from the positions of the I and S nuclei in the sample. The functional forms of
the spectral densities for SL and ADRF experiments were derived before and their values together with
the other parameters govern the actual values of T7;. .

ADFR experiments

The cross-relaxation rate T75 for the ADRF experiments must be calculated again from Eq. (4.1). In
this case, however, the terms of the tilted Hamiltonian HT are given in Eq. (2.37). With the addition of an
off-resonance term in H% and with the introduction of the tilt, defined in Eq. (4.4), the Hamiltonian is again
given by the expressions in Eq. (4.2) except that w; ,=0. Inthis case Hf, should not be truncated. Insertion

of Eq. (4.2) in (4.1) gives for the ADRF case
T7s=cos’0M5J(w,),
where the spectral density is now given by

Jx(w)=f dt coswtC(7),
0

with the auto correlation function

(4.10)

(4.11)

C(7)= [Tr(zib,.lﬁ\)z]-l Tr[(zi:bilﬁ) eniH Lt (Zbi12,>e‘”2‘] . (4.12)

Differences between the T75 values for the SL and
ADRF cases are discussed at length elsewhere.'®
The behavior of the I and S spins during cross
polarization can be described by the rate equation
for the energy flow between the two spin systems

in terms of their spin temperatures

_a_,g _—.__ﬁﬁ."_B’

o "° Tis ° (4.13)
_?_B __&Br—Bs)

ot ! Tis

¢ is the ratio between the heat capacities of the
S and ] spins [Eq. (2.30)]. In these rate equations
we neglected all spin-lattice relaxation terms.
The solutions of these coupled equations give the
time behavior of 8, and By during the thermal mix-
ing of a CP experiment. These results can then
be used to calculate the enhancements of the S-
spin signal intensities and the decrease in inten-
sity of the I-spins signals [Eqs. (2.42) and (2.48)].

After this brief description of T7% for I=S=3,
we will now discuss the case of =3 and S=1.
The dynamics of the cross polarization of the sin-

J

gle- and double-quantum transitions of the S spins
are discussed separately.

C. Single-quantum cross relaxation between I = 5 and
S =1 spins

We discuss here the dynamics of cross polariza-
tion between =3 spins and the (1-2) single-quan-
tum (AM = 1) transition of the S=1 spins. With the
concepts of fictitious spin-; transitions for spins
with S=1, described in Sec. III B, it is easy to
calculate the cross-relaxation rate of this process.
As was shown in Sec. III the single-quantum tran-
sition of S can be treated as a fictitious single
spin-3 transition, The Hamiltonian Hy, [Eq.
(3.11)], corresponding to this transition, can be
considered independently from the remainder of
the spin system, if we assume that w3 <w,. The
dipolar interaction H,s can also be divided into
two commutating terms, H,, [Eq. (3.30)] repre-
senting the interaction between the | spins and the
single-quantum transition and H g, the interaction
with the rest of the S system. Thus the expression
for T75 in Eq. (4.1) can be used for the single-
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quantum transition, if we consider only those
terms in the Hamiltonian which correspond to this
transition. The effective Hamiltonian for this case
is given in Eqs. (3.11) and (3.30) and in the tilted
frame of Eq. (3.29) we get

HT= B+ HE,
with
Hg, = V2w, ¢S;" % - dwsy 2,

3 (4.14)
HTg,=2) b,I,,S2,
i

and HT and HY, as defined in Eq. (4.2). For con-
venience we perform an additional tilt on HT with
HTT = U(—él' DHTU(6*-2),
U=exp(i6'~*s}"?),
tang'" %= 6w/V2w,g ,

(4.15)

which results in

TT _ ,l=-2gl=2
HSI =W, Sz ’
HTT=2cos6' %) b,I, St"?
1

-2sing'"?) b.1,.8'°2, (4.16)
i

HYT=HE, = HE,
and

(Wb %)%= 207 + 607,
For the SL and ADRF experiments we can use Egs.
(4.16) and insert them in Eq. (4.2). The results

for T75 have the same form as in Egs. (4.6) and
(4.10). For the SL case we obtain

T =4 cos6™ MR (wh 2 — ;) (4.17)
and for the ADRF case
T7 = cos?6' 2M38J (wi™?). (4.18)

The spectral densities J, and J, are given in Egs.
(4.8) and (4.11) and are exactly the same as for
the I=S=4% case. The second moment in Eqgs.
(4.17) and (4.18) is

Tr[HTs:, Sz %]°
Tr(S.™2)?

M $9 is the second moment of the (1-2) transi-
tion of the S spins due to the interaction between
the S and I spins. The results of Eqs. (4.17) and
(4.18) are the same as for the I=S=3 case. This
is not surprising, because the irradiated (1-2)
transition behaves exactly as a spin-3 transition
as long as the applied rf irradiation field is not
strong enough to excite the (2-3) transition also.
It is clear that the same results for T75 are ob-

MSe= (4.19)

tained for cross-polarization experiments on the
(2-3) transition of the S spins.

D. Double-quantum cross relaxation between / = 5 and
S =1 spins

Cross polarization between the i =3 spins and the
double -quantum transition of the S =1 spins can be
treated in exactly the same way as in the single-
quantum case. We use again the fictitious spin-3
character of the double-quantum transition and in-
sert the terms of its fictitious spin-3 Hamiltonian
in the Eq. (4.1) for T75.

It was shown in Sec. III E that for weak irradia-
tion fields w,s > wy near the Larmor frequency of
the S spins, the tilted Hamiltonian corresponding
to the double-quantum transition is given by

HT=HY+ HY, + HY, ,
H§1= (wfs/wo)si-s - 25“"9:1:-3 ’
H?s1=H:;s =sz’1xisi‘-3 s

i

and H] and H], are defined in Eq. (4.2).

For small w,¢ values the S-spin Hamiltonian Hy
is again divided into two commuting parts Hg, and
Hg, and the dipolar interaction HY%, equals Hi.
As we did in the single-quantum case we apply an
additional tilt on HT and obtain

) HTT= U(_el-B)HTU(el-S) s
where

U(6) = exp(i6S;™°),

(4.20)

tan6'" 3= dwwy/ w . (4.21)
We find '
Hgl = -w;7%5;7%
HTZ =4 cos6' Y b,I,,St% (4.22)
- A

-4 sin01‘3zb,1m.8§' 5,
1
where
(Wh™%)?= wig/wh+ 40w,

Insertion of (4.22) into (4.1) results for the SL
case in .

T =% cos?0* UMD (w;™% = w, ) (4.23)
and for the ADRF case
T7 = cos?6**MDJ (wld). (4.24)

The spectral density functions J, and J, are again
the same as in Egs. (4.8) and (4.11). M329 is given
by

Tr[H7s, Sz °]*

DQ _
M= = "Tr(siope
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and is equal to the second moment of the Fourier-
transform double-quantum spectrum of the S
spins, broadened by the heteronuclear dipolar
interaction H .

The ratio between the cross-relaxation rates of
the single-quantum and the double-quantum transi-
tion equals '

(T75)pq _cos?g'"® MDe
(T )so cos?6'"2 M3 °

(4.25)

The ratio between the second moments can easily
be calculated

pypa TrASIOL, S0 »

M3 Tr(2§ b,St 2, St ?)?
From this ratio it follows that the width of the
double-quantum spectral lines, broadened by H g,
are twice as large as the width of the single-quan-
tum lines.

To examine the theory of this section and Sec.
III we performed some proton-deuterium cross-
polarization experiments on solid benzene-d,.

The experimental results are shown in Sec. V and
are compared with the results of this section and
Sec. IIl. The Hartmann-Hahn condition is checked
by single- and double-quantum cross-polarization
experiments as a function of rf irradiation field
strengths and off-resonance frequencies. The ef-
ficiency of cross polarization is studied for SL
and ADRF measurements, and the cross-relaxa-
tion time T, is evaluated.

(4.26)

V. EXPERIMENTS

A. Introduction

The experiments were performed on a powder
sample of monodeutero-benzene. The spin-lattice
relaxation time of this material is relatively short
(~ 0.5 sec) and it is convenient to use this sample
for the accumulation of free-induction-decay sig-
nals after cross-polarization experiments. The
deuterium quadrupole interaction frequency of
benzene-d, equals 2v,="70.4 kHz and the maxima
in its powder spectrum are at y,=+35.2 kHz. In
this paper, it is sufficient to consider only the two
peaks at +35.2 kHz for the interpretation of our
experimental results, and to ignore the rest of the
powder spectrum. If, however, the deuterium en-
hanced proton-NMR-signal intensities were used
to obtain information on the chemical shifts of the
deuterium atom, the whole spectrum should be
taken into account.

All measurements were done on a home built
spectrometer with a static magnetic field of 25 kG.
The sample was kept at a constant temperature of
-35°C by a temperature-regulated nitrogen gas

stream.

Cross polarization in solid benzene-d, occurs
between the protons (I =3) and the deuterons (S
=1). The efficiency of the cross-polarization ex-
periments as a function of rf irradiation field in-
tensities and of off-resonance frequencies was
measured through the detection of the relative de-~
struction of the proton-signal intensities after the
thermal mixing. This indirect detection method is
very sensitive and makes it possible to check the
Hartmann-Hahn conditions experimentally. Direct
detection of the deuterium signals is used to ex-
amine the signal enhancements which are caused
by cross polarization, and to measure the cross-
relaxation rate T75.

B. Indirect detection

In this subsection we show some experimental
results of the destruction of the proton line inten-
sity as a function of the rf irradiation field inten-
sities v,,= w, /27 and v, s = w, /27, and the off-
resonance frequencies Ay = 6w/27. :

The dependence on rf intensities

The relative destruction of the proton-spectrum
intensity after a cross-polarization experiment
can be calculated from the maximum possible de-
struction, given in Egs. (3.46) and (3.61), and the
cross-relaxation time T,5. For a spin-lock ex-
periment on the (1-2) single-quantum (SQ) transi-
tion of the deuterium atom, the relative destruc-
tion as function of the experimental mixing time ¢
can be represented by

MS-M,

M3

dyo(vys,8v)= (1-e/Tgs)

=es(1-e/Tis), (5.1)

where T, is given in Eq. (4.17). For ¢ values
much smaller than T, we can take exp(—¢/T )
~1-¢/T,5 and we get [with 6*~ from Eq. (4.15)]

dSQ(Vls ,Av)

> egtT s

2 Ns Au2+ Zst 1 2p1=2
—— 20 Lt co - SQ 1-2

3N, o7 2t cos®0'" 2MSRJ (V2% —vy;)
1

2 2

S 4l s -

3N, 7, MENT ). 6)
For a spin-lock experiment on the double-quantum
transition we get in the same way [with T7; from
Eq. (4.23) and 6'"® from Eq. (4.21)]

1Ns vis

(15, 80) ===
%alss 3N, V%VfI

IMRRI (Vs = vy ). (5.3)

With Ay =0 and the Hartmann-Hahn conditions
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V2y,5=v,, for the single-quantum and vi;/vg=v,,
for the double-quantum case, the ratio between
dpq and dgq equals

dpg _M3° _

}-j =3te = 4. (5.4)

This shows that the destruction of the I (proton)
spins for the double-quantum case is larger than
for the single-quantum case. Furthermore the
maximum destruction is obtained when the Hart-
mann-Hahn condition is fulfilled and J,(0)=1.
Comparison between the widths of djg and dgq as
functions of v, predicts that d is broader than
dgq. This can be understood best if we take for
J(v)** a Gaussian function e/,

The destruction spectra dyq and d, for the
ADRF experiments can also be derived from Eq.
(5.2) with T,5 from Eqs. (4.18) and (4.24). The
results for 1 < T, are

2 Ns 2 -
dsq(viss AV)=§ ’ﬁs‘ =5 MR (v} ) (5.5)
1 Vi
and
2 Ns ¢
dDQ(Vls,AV)=§-l;I.§; :;520 tMRRJ (19). (5.6)
I

Here it is difficult to predict for what value of
v s the maximum destruction is obtained. If we
take for the spectral density function J,(y)** an
exponential function e™/Vc, it is clear that the
width of dq as a function of y, ¢ is larger than the
width of dgq and that the maximum in 4, is larger
than the maximum in dyq.

In Fig. 10 we show the relative destruction as a
function of y;¢ of the proton line intensity after a
spin-lock experiment on the single- and double-
quantum transitions of deuterium in benzene-d,.
The mixing time in these experiments was ¢=15
msec, which is much smaller than the T ;5 value
for this compound. The applied proton rf irradia-
tion intensity was equal to y, ;=10 kHz. Maximum
destruction for the single-quantum case is ob-
tained when y, =7 kHz. This should be equal to
271/2y ,=1.1 kHz, according to the Hartmann-Hahn
condition [Eq. 3.34)]. Thus agreement is good.

In the double-quantum case the maximum destruc-
tion occurs at y, =19 kHz and this must be com-
pared with (vgu, )*/?=19.2 kHz [Eq. (3.53)]. Again,
these experimental results are in excellent agree-
ment with the theory. The results of Fig. 10 show
that the maximum single-quantum destruction is
smaller than for the double-quantum destruction
and that the destruction spectrum for the double-
quantum case is wider than for the single-quan-
tum case. This is in agreement with the discus-
sions given above.

The proton destruction spectra for ADRF ex-

Spin Lock
0 T T T
- 0o ® .
e o o
2+ -
B Single Quantum B
at\ | .
g 6 1 1 |
= 0 T T T /
2 L h Double Quantum
%2 / .
[
o [
g 4;- \ -
°
o L d
22 O ]
8_ -
| 1 |
(0] 10 20 30 40

Deuterium y, (kHz)

FIG. 10. The relative destructions of the proton sig-
nal intensity (1 —My/MJ) (100%) of solid benzene-d,
after spin-lock cross-polarization experiments (Fig. 2)
between the protons and the deuterium nuclei in this
sample. The destruction is measured as a function of
the rf irradiation field strength v;5 on the S spins. The
rf field strength v;;=10 kHz on the protons is kept con-
stant. The mixing time of these experiments was =15
msec. The upper graph is obtained by the irradiation of
the allowed transition of the deuterium nuclei at vq
=35.2 kHz. The lower graph is obtained by irradiation of
the deuterium nuclei at their Larmor frequency. A dis-
cussion of these results is given in the main text.

periments on the single- and the double-quantum
deuterium transitions are shown in Fig. 11. In
these experiments we took for the mixing time ¢
=50 msec. This value is of the order of 7,5 and
therefore we measure a larger destruction than in
Fig. 10. In the ADRF case we see again that the
dyqlvis) spectrum is narrower than dpo(v,s).

In Fig. 12 SL experiments on the double-quantum
transition are demonstrated for two different val-
ues of the proton rf irradiation strength. The
agreement of these results with the double-quan-
tum theoretical Hartmann-Hahn condition, indi-
cated by arrows, is excellent.

The dependence on off-resonance frequencies

We now present experimental results for the
proton destruction spectra as a function of the off-
resonance frequency values Ay, In Fig. 13
dDQ(Au) is measured for different values of y, ¢
and p,, in a spin-lock experiment., The results
for the maxima in the destruction are in full agree-
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FIG. 11. The relative destructions of the proton sig-
nal intensity (1—My/MJ) (100%) of solid benzene-d
after ADRF cross-polarization experiments (Fig. 2) be-
tween the protons and the deuterium nuclei in this sam-
ple. The destruction is measured as function of the rf
irradiation field strength v,5 on the S spins. The mixing
time of these experiments was ¢ =50 msec. The upper
graph is obtained by the irradiation of the allowed trans-
ition of the deuterium nuclei at vg=35.2 kHz. The lower
graph is obtained by irradiation at the deuterium Lar-
mor frequency. A discussion of these results is given
in the main text.

ment with the Hartmann-Hahn condition of Eq.
(3.54). The numerical calculations are given in
the figure caption.

The destruction spectrum dDQ(A p) for an SL and
an ADRF experiment are again shown in Figs. 14
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FIG. 12. Relative destructions of the proton signals of
solid benzene-d; after cross-polarization spin-lock ex-
periments on the deuterium double-quantum transition.
The destructions were measured as function of the deu-
terium irradiation field strength v,g for two constant
values of the proton irradiation field intensity. Accord-
ing to the Hartmann-Hahn condition v}s/vg=v,, the max-
imum destruction is expected for v,;=6.2 kHz at vg
=14.8 kHz and for vy;=10.5 kHz at v45=19.2 kHz. This
is in excellent agreement with the experimental results.
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FIG. 13. Relative destructions of the proton signal in-
tensity (1—My/MJ) (100%) of solid benzene-d; after
spin-lock cross-polarization experiments (Fig. 2) be-
tween the protons and the deuterium nuclei in this sam-
ple. The destructions are measured as function of the
off-resonance frequency Av of the deuterium irradiation
field. The rf field intensities vy5 and v;; on the $- and
the I-spin systems, respectively, were kept constant.
Av was measured from the deuterium Larmor frequency.
According to the Hartmann-Hahn condition v}g/v +4 Av?
= Vf, the expected maxima in the destruction spectra are
for vys=8 kHz and v;;=10 kHz at Av=4.9 kHz and for
vys=6.7 kHz and vy,;=17.5 kHz at Av=3.7 kHz. For the
values v;5=20 kHz and vy;=10 kHz the Hartmann-Hahn
condition can not be fulfulled and the maximum destruc-
tion is expected at Av=0. The agreement between ex-
periment and theory is excellent.

and 15. However, in these figures dyo(Av) is
measured for positive and negative values of Ayp.
The experimental results show a marked asym-
metry in dpo(Ap) for opposite signs of 41.?° The
experimental parameters for the spin-lock case
in Fig. 14 are v, ;=8 kHz and v, ,= 11 kHz and the
maximum destruction is obtained at Ay~ +5 kHz.
This value for Ay gives together with v, the ef-
fective frequency (in kHz)

V:,'2= [4002+ st/uz]1/2= 11,
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FIG. 14. The experiment in Fig. 13 with v;5=8 kHz
and v;;=10 kHz is repeated here for positive and nega-
tive values of Av. The asymmetry in the destruction
spectrum is discussed in the main text.



ADRF
I I T I T T T

— _
s
= 10| ~
2
P15 ? —
3 ]

S 20t —
(e}
g ]

25k -
N

301 -

| ] | 1 | ] ]
-l2 -8 -4 0] 4 8 12

Deuterium Frequency Offset (kHz)

FIG. 15. Relative destructions of the proton signal in-
tensity of solid benzene-d; after ADRF cross-polariza-
tion experiments. The destructions are measured as
function of the off-resonance frequency Av of the deuter-
ium irradiation field. The asymmetry of the destruction
spectrum for positive and negative Av values is dis-
cussed in the main text.

which is equal to v, .

The asymmetry in d,o(Av) can be explained,® if
we take into account the initial condition of the
deuterium-spin density matrix, before cross po-
larization occurs. In all cases of Sec, III, we as-
sumed that the initial S-spin temperature coeffi-
cient B, is zero. This assumption is justified if
the direction of effective rf irradiation field in the
rotating frame on the S spins is perpendicular to
the direction of the Zeeman field, dw=0. Then,
at the moment the irradiation field is applied, the
S spins are in a state defined by

Peq,5 = Z™H1+ B wysS,)
=Z(1+ 2B, wosS; ") (5.7)

and the effective irradiation Hamiltonian on the
double-quantum transition [Eq. (3.23)] is

Hgy=(w?s/wg)St2. (5.8)

According to the spin temperature approximation
in the rotating frame, the initial S-spin density
matrix is then equal to

Pinitia =2 (1 -Bs Hgy) =2, (5.9)

However, if the irradiation field is not perpendicu-
lar to the Zeeman field and

Hg=(w?s/wg)St™® - 20wSL™3 (5.10)
the initial S-spin density matrix becomes
Pinitiar =2 [1+(20w/ Wl 3)2w,sBHs],  (5.11)

where w.™% is defined in Eq. (4.22). Physically,
this means that the S spin begins with a slight
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positive or negative polarization (temperature)
dependency on whether we are above or below
resonance. The initial value for By, is thus dif-
ferent from zero and equals

40wwyg

Bsi= =735z BL-
S1 W L
The final spin temperature coefficient g, in Eq.
(3.50) must be modified and becomes
_BiCi+BsiCsy
By= C,+C
T lsy

(5.12)

~B(1~¢p)+Bs,€p- (5.13)

Now the relative destruction d, must be calcu-
lated from Eq. (2.48) and gets the form

doa(an) =P (1 - et/ 7is)
: I

- e,_,(l _%Si)u —etlTrs), (5.14)

I
Insertion of Eq. (5.12) in Eq. (5.14) results in

4Avyos

where we used the expression for g, from Eq.
(2.19) and in general y=w/27. With the Hartmann-
Hahn condition y}**=y,, we obtain

dpolbv) = <D(1 . Z—ll)u —et/Tis),  (5.15)
oI,

dralon)= &1+ 5% )1 -emm). (510

Vet 71
The ratio between the values of dq for positive
and negative Ap’s is

dpo(8v) _ v S+4ysBy
dpo(=8v) "k —4ysby |

(5.17)

This ratio equals 1.6 for the experimental param-
eters of Fig. 14. The experimental result for this
ratio is 1.5.

For the ADRF case in Fig. 15 we obtain the
same asymmetry in dDQ(Ay) as for the SL case.
The rf irradiation intensity on the deuterons in
this experiment is v, =14.7 kHz and the experi-
mental values for the maximum destruction are
Aypy=13 kHz. Insertion of these values in Eq. (5.17)
results in a value of 1.5 for the ratio between the
maxima. The experimental value equal is 1.4.

C. Cross-polarization dynamics

Until now we assumed that for all our experi-
ments the spin-lattice relaxation times of the pro-
ton and the deuterium spins were much longer than
the experimental mixing time ¢{. In these cases it
is sufficient to describe the spin temperature coef-
ficients of these I and S spins by the rate equations
given in Eq. (4.13). However, if we monitor the
behavior of the spin system during cross polariza-
tion for long mixing times, these equations must
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be extended. In this subsection we consider an
ADRF experiment on the double-quantum transi-
tion. We show that from the deuterium signal in-
tensity, as a function of the mixing time, it is
possible to obtain the value of T,;. These experi-
ments also measure the value of the ratio ¢, be-
tween the spin heat capacities of the double-quan-
tum deuterium transition and the protons.

The spin-lattice relaxation time for the deuteri-
um (S=1) during an ADRF experiment is T,
This is the relaxation time of the deuterons during
a spin-lock experiment on their double-quantum
transition.®* The relaxation time of the protons
T,p equals the relaxation time of the protons (I
=1) after an adiabatic demagnetization in the ro-
tating frame of these nuclei. Taking into account
the relaxation times, the rate equation for the spin
temperature coefficients g, and Bg are given by*®

d "€D(BI‘BSl) _(B["BL)

— B,=
ot I T T ’
* * (5.18)
2= ~(Bs1 =B1) _(Bs1—Bi)
ot St T;s T,,

The solution of these coupled equations is calcu-
lated in Appendix B and with the initial conditions
for the spin temperature coefficients 8,(0)# 0 and
Bs.(0)=0 it becomes

ﬂ31(t)= 3,(0)g(t)= (wo,/w,)BLg(t) N (5.19)

with g(#) given in Appendix B. The corresponding
density matrix of the S spins can be represented
by Eq. (3.56)

Poa(t)=Z7[1 - Bs,(1)Hs, ]

=Z 1+ B, (1N wfs/wQ)Si' °]
=Z7 1+ Bywo(ws/ wg)/ w ST B)].

The time behavior of Bg,(#) can be monitored by
méasuring the S-spin signal intensity after cross
polarization as a function of ¢. Before we present
the experimental result of the deuterium signal
intensity in the ADRF experiment we show how the
T,, and T,, relaxation times were measured.

(5.20)

Tlp experiment

The T,, relaxation time of the deuterium spins
can be measured by a double-quantum spin-lock
experiment.® In such an experiment the spins are
locked at the effective rf irradiation field of the
double-quantum transition by a 45° phase shift on
this rf field. In our case we obtained the same
result by a cross polarization of the deuterium
double-quantum transition with the protons. In
Fig. 16 the experimental scheme for this measure-
ment is represented. The deuterium spins are
polarized by an ADRF experiment and after the

ADRF 45° DECOUPLING
'H:1 SPINS \
. FID
D:S SPINS x x y\ 0
AV
T L

FIG. 16. The pulse cycle used for the measurement
of the rotating-frame spin-lattice relaxation time T},
of the deuterium (S=1) double-quantum transition. This
cycle starts with the polarization of the deuterium dou-
ble-quantum transition by an ADRF cross-polarization
experiment (Fig. 2). At the end of the cross-polarization
period the proton dipolar order is destroyed by a 45°
pulse and the decay of the enhanced and spin-locked deu-
terium double-quantum coherence is monitored as a
function of the rf irradiation time 7. The double-quan-
tum coherence is measured by applying an additional 90°
out of phase rf pulse on the deuterium spins and by de-
tecting the intensity of the proton decoupled deuterium
free-induction-decay signal. '

mixing time the proton dipolar order is destroyed
by a 45° pulse. After this pulse the double-quan-
tum coherence of the deuterons is spin locked and
will decay with a time T, to zero. This decay can
be monitored by measuring the deuterium signal
after 7 sec with an additional detection pulse. The
result of this experiment is shown in Fig. 17 and
the value of T,, obtained, is T,,=43 msec.

T,, experiment

The proton T, , relaxation time is measured by
an ADRF experiment without applying an rf field
on the deuterium nuclei. The recovery of the di-
polar order of the protons is measured with a 45°
pulse. The proton signal intensity after this pulse
is monitored as a function of the delay time be-
tween this pulse and the ADRF pulse. The experi-
mental result is given in Fig. 18 and T, ,= 300
msec.

T,s measurement

The relative deuterium signal intensity as a func-
0 T T T T

Tip =43 msec

10 20 30 40 50
(msec)
FIG. 17. Experimental result of the T, measurement
described in Fig. 16. Each point in this figure was ob-~
tained by an accumulation of many individual measure-

ments of the deuterium signal. The obtained value of
Ty, is 43 msec.
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FIG. 18. The measurement of the proton local field
spin-lattice relaxation time Tyj of solid benzene-d;.
The points in this graph are the relative proton signal
intensities M;/M} as function of the time T between the
creation of proton dipolar order by an ADRF pulse se-
quence (Fig. 2) and the transformation of this order to
a measurable signal by a 45° pulse. From these mea-
surements we get T; ,=300 msec.

tion of the mixing time in a cross-polarization
ADRF experiment is represented in Fig. 19. The
experimental parameter was equal to v, 3=17.2
kHz and the irradiation field was applied at reso-
nance. This corresponds to the maximum de-
struction in Fig. 12, The intensities are measured
after the application of an additional rf pulse with
v s =17.2 kHz. In the experiment this pulse was
90° out of phase with the mixing pulse; the maxi-
mum signal intensity which can be obtained in this
case is proportional to half of the double-quantum
coherence (see Appendix A). The relative inten-
sity is therefore given in analogy with Eq. (3.60) by

Ms _1Tr[ppa(8)S5 3] 1 wo; wig
L= mbevx U oap—L 22 5(p). (5.21
Mg 2 Tr(peqsz) : Wos wleg( ) ( )

The experimental result of Fig. 19 together with

4
< T T T
D
3+ .
°§w ® \.
> 2F 4
= °
| DOUBLE QUANTUM CROSS 'Y
POLARIZATION
I I 1 1
0 50 100 150 200 250

Mixing Time (msec)

FIG. 19. The relative deuterium signal intensities M
Mg/M$ of solid benzene-d; as function of the mixing time
of an ADRF cross-polarization experiment (Fig. 2) on the
protons and the deuterons in this sample. The points in
this figure are the experimental results and the solid
line is the best-fit curve according to Eq. (5.21) through
these points. The adjusted parameters in the best-fit
procedure were Tys and €5. The results for these
parameters are T;¢="77.6 msec and € ,=0. 85 +0. 05.
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the values of T, and T,, must be compared with
Eq. (5.21). A computer program was written to
minimize the deviation between the experimental
and theoretical result by changing the parameters
€p and T,;. The results of this calculation with 5
=0.95 are €,=0.85+0.05 and T,;="77.6 msec. In-
sertion of these values in Eq. (5.22) results in the
solid line in Fig. 19. To compare the obtained
value of ¢, with its theoretical value, we calcu-
lated €, from Eq. (3.52) with Ng/N,=0.2 and re-
placed w,, by w,. The local field strength w, in
frequency units of the protons was calculated
from the linewidth 6, of the proton spectrum of
benzene-d,. Assuming a Gaussian shape for this
line, the w, value was taken as w,= 6,,/1.18: 2,15
kHz and €,=1.18. This is in reasonable agree-
ment with the experimental value 0.85.

VI. SUMMARY

The motivation of this paper has been to provide
a theoretical framework and experimental results
for various cross-polarization experiments be-
tween abundant =3 and rare S=1 spins. In par-
ticular, cross polarization between the =3 and
the S double-quantum transition has been treated.
The double-quantum transition has previously
been shown to be extremely useful for high-reso-
lution 2D and *N NMR in solids and the results of
the present experiments indicate that such spec-
troscopy can also be done with very good sensi-
tivity. The theory for cross-polarization thermo-
dynamics and dynamics between I =3 and S=1 was
developed for both spin locking and adiabatic de-
magnatization in the rotating frame. This is a
generalization of the familiar I= S=% case. When
w, < wg a modified Hartmann-Hahn condition for
the simplest case of double-quantum cross po-
larization w?g/ wy=w,,; emerges. Experiments
were performed, showing the validity of the ap-
proach both for the thermodynamics and dynamics
of the cross-polarization process for double-quan-
tum transitions. By an indirect detection the
double-quantum free-induction decay of S=1 can
be mapped point by point. Such further experi-
ments on 2D and **N and other nuclei are under
way.?
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APPENDIX A
To transfer the total double-quantum coherence
after cross polarization
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PDQ"al 351- (Al)

to single-quantum coherence, we apply a strong

90° pulse w, ¢ > w, 4 on the S spins, 45° out of phase

with the mixing pulse. In this Appendix we calcu-
late the effect of this pulse on p,, and we evaluate
the signal intensity measured after this pulse.

The Hamiltonian of the rf pulse in the rotating
frame with w, ¢ > w, is

H,= —(1/V2)w(S,+8,). (A2)

The effect of a 7, second pulse with w,g7,=7/2 on
Ppq s calculated by

Pra=P7PpoP, (A3)
with
P=eiflsTo= gmit/ 2/2(Sx+Sy) | (A4)

In the actual calculation we make use of the com-
mutation relations in Eq. (2.6) of Ref. 17. The ex-
pression for p), is obtained as follows:

(1) Transfer p,q and H,r, with

U,= exp(—i}7S,) = exp(—izmSL™3) (A5)

and obtain
J

Ppalt) = exp[- §wo(Sy™ * = S3™°) Jody

explwg(si? - $91]
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PDQ" U-lpDQU =-a, ssh ‘ (A6)
Hfr,= =5 ,= =(r/VE)(S 2+ 52°2). (A7)
(2) Perform an additional transformation with
Uy = exp(~izmS;™*) (A8)
and use Eq. (2.9) in Ref. 17:
PE&=PSa | (89
H™T7,= (U ) Hy UL 3, = —7SL" 2. (A10)

(3) In this new representation calculate Eq. (A3):
Tg(90)=(PTT)-lpTTPTT= _al-SSZ-S. (All)

(4) The transformation of p{7 back to the rotating

frame yields

ppa(90) = ~(1/V2)a} ¥($2° - S ?) (A12)
and
P= —3al (S P+ S0 — St sk, (A13)

This result is used in Eq. (3.57).
‘The density matrix after the pulse will evolve,
due to the quadrupolar interaction, as

= = (1/V2)a, [S 2 cos(wyt + §m) — S} 2sin(wqt+ 3m) + S22 cos(wyt +57) — S 3 sin(wgt + 3m)] . (A14)

The signal intensity corresponding to this density
matrix equals

M (1) = Tr[ pdo(#)S,] = V2Tr[ pd(£)(St™ 2+ 8272)]

= —a " cos(wyt +57) (A15)
and the full double-quantum coherence a."? is
transferred to the single-quantum signal intensity.
A 45° pulse at a phase angle of 90° with respect

to the mixing pulse transfers only half of the doub-
le-quantum coherence to single-quantum coher-
ence. In this case we must calculate

PBa= P ppoP
with (A16)

P=exp(—iinS,) = exp[-i(n/2V2)(SL"2+ 527 %)].

Transformation of pi% and P with U}"® in Eq. (A8)
results in

Ppa=(U5 ") ppgly"°
=gk 38k = 3al B[St 2+ (SE 0 ST (AL)
and
PT=exp(—i3mSL™?).

With these equations we obtain

)
pT(45) = (PT)ptS P

1 - 2
=3a 1 381

sa, (S %+ 8%9) (A18)
and transforming back
pis, = PTpl o (45)(PT)™
=(1/2V2)a} %Sk 2+ 89
+3al" (St 8279, (A19)
The signal intensity just after this pulse equals
M,=Tr(pgS,) = V2 Tr[ piy(S;™ 2+ S2%)]
=zay"%. (A20)

This result was used in Sec. VC to evaluate the
signal intensities after a double-quantum cross-
polarization experiment,

APPENDIX B

The rate equations for the spin temperature co-
efficients B, and B can be written in matrix
form®?

d
zi—t'ﬁ=—r3+a, (Bl)

with
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() wnl).
= = B
B Bs , a=Bg R, ’ (
[eR,erRw -€R g ]
= B3
=R s Ris+R,, (B3)

and in general R,= T
To solve Eq. (Bl) we diagonalize I'" and get

with the values for A, and 6:
A, =3[(1+€)R;s+R,,+ R, p]
+3{[(e =1R;s+ R, —R,,]*+4 R}, (BT)
sin20= ~R,{[(¢ = )R s+ R, p-R,,]° '
+4&’Rist/ 2. (B8)

The general solution of Eq. (B1) becomes

A=D'ID, (B4)
) : B=DeTtDMB(0) + D(1 —eTH)DDA D a  (B9)
with
[x* 0 } and with the initial condition
A= (B5)
0 A Loz
w
and I
B(0)=38, BE
[ cosf esind ]
D= -sind cosé J’ (B6) we obtain
]
Bs(H)=B,g(H)=8 1 sinf cos6-22L (et - e"‘*t);— (e sin6R, - sinf cos6R )-l—_—e-:i
s L L cos®0 + e sin? Wy, Le 107y
1 g™t
+(cos®6R, ,+ sind cosGRw)—x—--). (B10)

This expression was used in the computer program to fit the dynamics and the value of ¢, in the cross-

polarization experiments.

*Based in part on the thesis of T. W. Shattuck, Univer-
sity of California, Berkeley, 1977, Lawrence Berkeley
Laboratory Report No. LBL5458.
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