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The spin dynamics of an S(%)IN system during the CP mixing
time of continuous wave and variable amplitude cross-polarization
magic angle spinning (CWCPMAS and VACPMAS) experiments
is discussed. The signal enhancement of a low abundant S spin,
coupled to a set of N = 6 coupled spins with | = % is evaluated as
a function of the length of the mixing time. For CWCPMAS this
signal is first evaluated in the frequency domain and then trans-
formed to the time domain. These calculations provide some
additional insight into the CP spin dynamics and enable a prac-
tical approach toward the evaluation of CP signals of large spin
systems. In addition the adiabatic character of the ramped VACP-
MAS experiments is discussed and S-spin signals of a spin system
with N = 6 are simulated. Estimates of the upper bounds of the CP
signals as a function of the number of | spins in an S(%)IN system
are given and compared with the calculated values. © 1998 Academic

Press

phase-modulated rf fields were applied during the CP mixing
time to improve signal enhancement and lower the effect of r
inhomogeneities 7). The adiabatic character of these tech-
nigues was discussed extensively and demonstrated expe
mentally 6, 7). The spin physics of CWCPMAS as well as of
VACPMAS on small spin systems has been presented and
has been shown that Floquet theory provides a conveniel
theoretical framework for describing the experimental result:
(7). The CP spin dynamics has already been discussed mo
than 20 years ago and since then has been the subject of
variety of additional studieslQ—12.

In this publication we use the Floquet spin state formalism tc
simulate the CPMAS signalgd); At first the Hamiltonian of an
S(%)IN spin system, consisting of one low abundant spin cou:
pled via the heteronuclear dipolar interaction to a setNof

homonuclear-coupled spirls is defined and the CPMAS-
spin signal is obtained by calculating the CP frequency spec
trum. Then some calculate&-spin CPMAS enhancement

In a previous publicationtd we discussed some basic rin_curves forN = 6 are shown and analyzed. This discussion is
. P publicati 1 . PN tended to a simple ramped amplitude CPMAS experimen
ciples of cross-polarization (CP) experiments on nonrotati

(2) and rotating samples), For magic angle spinning (MAS)%d again some simulated time-dependg&signals are shown.

. 2, ! In both cases an upper bound for the CP signals as a functic
we based our theoretical description on Floquet formalis PP 9

81 the number of homonuclear spinbl, in the system is

(4,9. A description of the spin dynamics during the CP Pr%stimated and compared with the calculated values. At hig

1 .
cess of anS(;)ly spin system was presented, but no Caché'pinning speeds the observed CP spin dynamics is almo

lations of theS-spin signals usmg_thls form?"sm were re'independent of the homonuclear interaction. This is demon
ported. Here we present solme simulateédpin signals of strated for CWCPMAS signal enhancements
CPMAS experiments on a8(;)ls spin system. As was dis- '
cussed in Ref. 1), the CP process can be described by the
equilibration of spin populations between spin-energy level
manifolds. For this publication we designed a computer pro- . I 1 . :
gram, based on this approach, that was used to evaluate ﬁ'léhe spin Hamiltonian of as(i).'” system, |rrad|ated' by tyvo

L : ' rf fields at the Larmor frequencies of thend theS spins, in
signals of CPMAS experiments on systems of up to SeVEN. 4oublv rotating frame has the form) (
spins. The analogy between the buildup of the CP signals and y g
the free induction decay signals of a single heteronuclear spin, 1
interacting with a set of coupled homonuclear spins, will allow H = | -

= — — — a: ()3l — 1.+ 1

us to use this program for the simulation of buildup curves of oule = @155~ 5 2 (Ol = -1
real experimental CP signals and their Fourier transforms.

In many laboratories it has become standard procedure to
use ramped variable amplitude cross polarizatién7). By
doing so an exact setting of the Hartmann—Hahn (H-8}) (
condition is not necessary and an extra enhancement of thewliere the homonuclear interaction terms are truncated wit
signal is obtained due to the adiabatic character of thewspect to the rf irradiation term, | ,. The z directions of the
VACPMAS experimentsq). A large variety of amplitude- and | and S spins are chosen parallel to the the rf field directions.

INTRODUCTION

THE CPMAS HAMILTONIAN

i<j

+ E bi(t)! xis<’ (1]

427 1090-7807/98 $25.00

Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.



428 RAY, LADIZHANSKY, AND VEGA

The coefficients of the homonuclear and heteronuclear dipolar
terms are time-dependent due to sample spinning and contain
exp{ikwgt} terms with k = -2, =1, +1, +2 (13). To
simplify the discussion we ignored all chemical shift terms in
the Hamiltonian of Eq. [1]. The matrix representation of this
Hamiltonian in Floquet space, defined by the manifolds of

{IMon-k>}

|l J

{IM+1pn>}

| aeffl l

dressed statg#,an) and|M,Bn) withp = 1, ... ,ny, can —_— Ibl

be evaluated by calculating the rf elements,

(Mpan|HE|Mpan> = nwg + Mw,, + %wls
<Man|H|r:f|Man> = Nwg + Moy, — %wls,

the homonuclear dipolar interaction elements,

(Myan|HEMyan + k) = (M,Bn|HEM, Bn + k)

=2 o'(My,)a

i<j
(Mpan|HEMgan + k) = (M,Bn|H{ M Bn + k)
=2 a'(Mypal,
i<j

and the heteronuclear dipolar interaction elements,

(Mpan|H::S|(M * 1)an + k) = E ai(M;;:q)bli(n

i=1

with
o1 y,zp,oﬁ i .
& =7 3 Guexpike;}
i
1 Y1Yskolt i .
by = 4 13 wexplik i}

ij
and the coefficients

aij(Mpq) = 2<Mp|(3|zi|zj — I Ij)|Mq>
(MZ) = 2(M[1[(M = 1),).

For each paip, g there can be only one coefficient =
and o' = 1. The number ofi-spin states in the manifolds

2] ]

FIG. 1. A schematic representation of the interacting Floguet state man
ifolds {{Man — k)} and {[M + 1Bn)} at the An = k Hartmann—-Hahn
condition. The spread of the,, andny,, energy levels, induced by the
homonuclear dipole—dipole interaction, is reduced by the spinning speed ar
is schematically represented by the paramétey|. The effective hetero-
nuclear interactions at the H—H condition are representefh|by

functions of the polar anglesd{, ¢;) and @, ¢;) of the
homo- and heteronuclear dipolar vectogsandr; in the rotor
frame, respectivelyld).

For rf fields that satisfy one of the Hartmann—Hahn con-
ditions @) w,;, ~ w;5 + kwg, the Floquet matrix can be
divided into block diagonals that are represented in the
manifold of states Man), |[(M + 1)Bm)} (see Fig. 1) ().
The states in the two manifolddNlan)} and {|{M + 18n +
k)} are coupled via the heteronuclear interaction for all
valuesM < N/2, whereas the states in|({N/2)an)} and
(4] {|(=N/2)Bn)} are not coupled to respective and « states.

For a number oN-coupledl spins the actual dimension of
each diagonal block isng, + ny 1) N;, whereN; = 2n; + 1
is the number of dressed states defining the dimension ¢
the truncated Hamiltoniam = —ny, ..., n;. For example,
for N = 6 and withN; = 11 these dimensions are equal tc
77, 231, 385, 385, 231, and 77 fM = 2, 1, 0, -1, —2,
and -3 andny, = 6, 15, 20, 15, 6, and 1, respectivel
whereas {3an)} and {|—38n)} are not interacting with other
5] manifolds.

To simulate theS-spin signal after a CPMAS mixing period
the block diagonals must be constructed and diagonalized. Tt
resulting eigenvaluea (M) and eigenvector§\,(M)), with
r=1,..., Oy + Nus1), govern the time-dependent G
signals. Numerical diagonalization of the matrices become
impractical for largeN andN; values. Here we have restricted
ourselves tdN = 6 andN; = 13.

[6]

(3]

CWCPMAS SIGNALS

-1

In a conventional constant amplitude CPMAS experi-

{IMan)} areny, p,q = 1, ...,ny; a andB are the spin-up ment the initial state of thé spins is prepared by a/2

and spin-down states of ti&spin andh = —o, . ..

,oarethe pulse. Thus at the start of the CP mixing tinte= 0, the

Fourier indices. TheG" and G' coefficients are geometric normalized Floquet density matri®(0), hasnhonzero ma-
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trix elements ) (corresponding to the initial spin density M
matrix 1) SM(t) = >, (Mpan|R(t) ZgM,a0)
p=1
(M| R(0)|Mpan) = (MyBn|R(0)|M,Bn) + 3 (M + DBrIRD ZdM + 1),80)

= Z"'B My [7] a=1
with g, the I-spin Larmor frequency. The intensity of the ) > (Mpan|R(1)[M,a0)
S signal at the end of the mixing peridds proportional to p=t
the time-dependent expectation value & The Floquet 1 M
operator,Zs, which corresponds t&,, has matrix elements S 2 (M + 1)an|R(t)|(M +1),80). [12]
(5) given by 2 o

(Mpan|ZgMpan) = —(MBn|ZgdM,Bn) = 1/2,  [8] The matrix elements in these expansions are time-depende
and oscillate with frequencies that are equal to the Floque
energy differences.

At t = 0 only the elements witlh = O are different from
zero

and the normalize® signal can be written as

N/2—-1 %

S =SHSINI2) + X > SY(hexplinwgt}}.  [9]

M=-N/2 n=-=

$'(0) = Z'BLog{l/2Mny — 1/2(M + 1)ny.,} [13]

The normalization facto&; * is equal to the inverse of the @nd the sum in Eq. [9] becomes just equaH&(N/2)
signal after a singler/2 pulse b)

N/2-1 ®

N/2 nw > > SM0) = —Z7'BLwoN/ 2. [14]
S=7 B S {3 (Ma0lZ2Mya0) -

M=-N/2 p=1

As a result the expected signaltat 0 equals zero ané(t)
increases according to Eq. [9]. The actual time dependence ¢
S(t) must be evaluated by calculating the time-dependent me
» trix elements. This signal reaches a constant value when tt
=57 BLwos! 2 Ny} [10] interference between the oscillating terms in Eq. [9] reache
M some average value. In systems with small valued tife CP
signals of individual crystallites in a powder sample oscillate

with wys the S-spin Larmor frequency. The first term in thedround an average value. However, the signal of a polycrys
curly braces in Eq. [9] is the signal resulting from the nonirf@/line sample reaches some constant value that is equal to t
teracting manifolds [N/ 2an)} and {|—N/28n)}. The density SUM of the S|gngls of the individual single crystalhtes._The rise
matrix elementgN/2an|R(t)|N/2an) = Z 18, wyN/2 and tlme_of the CP S|gna! can be cal_culated_for a small spin s_yster
(—N/2Bn|R(t)|=N/2Bn) = —Z 18_N/2 are time-indepen- and is governed mainly by the interaction between Stepin
dent, and and its nearest neighboringpins. TheS signal approaches its
maximum value similarly to the decay of the FID signal of an
S spin that is coupled to an ensemble of cougdlepins (). In
S(N/2) = (N/2a0|R(t) Zg/N/2a0) both cases the interference of the oscillating coherences col
tributing to the signal reaches an average value that is zero f
+ (=N/2BOJR(t) Z¢ — N/2B0) the FID and different from zero for the CP signal. It is not a
= Z BN/ 2}, [11] trivial task to calculate the CFS-signal intensity for long
contact times. However, we can estimate the intensity of thi
CP signal by making some simple assumptions. Before doin
The time-dependent coefficien®'(t) are contributions from so we must emphasize that in our discussion, all spin—-spin ar
the manifolds {Man)y, [M + 18m)} spin—lattice relaxation mechanisms are ignored.

+ 2 (MyBO|ZM,B0)}

q=1
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CWCPMAS SIGNAL ENHANCEMENT 2.00 . . . . .

The average CF5 signal can be estimated by using the ~, 75} 0000000001
following arguments. The CP process does not change the § I ..u““"
total energy of the spin system and does not change the = 1.30r “““
eigenvalues of its density operator. At= 0 the nonzero %f’ 1251 ee i
diagonal elements of the density matrix are determined ‘g I
by Eq. [7]. The v_aIues qf thesg elemgnts are.the ejgen- g 1.00 -ee +000000000060000000001
values of the density matrix. For increasing CP mixing times 3 oo 1
the unitary evolution operator generates elements at dif- = 075) ,’ |
ferent positions in the density matrix and changes the 0_50", . b
values(M,an|R(t)[M,an) and((M + 1),8n|R(t)|(M + 1),8n) 0 5 10 15 20 25 30
of the diagonal elements. For increasify values the number of spins

number of oscillating terms comprising these elements be_FIG. 2. The upper bounds of the relative CPMASspin signal of a

comes Iarge and it becomes useful to consider their tim@\?\ICPMAS (squares, according to Eq. [17]) and a fully adiabatic VACPMAS
averaged values. The time dependence of the off-diagoféties, according to Eq. [20]) experiment as function of the numienf |

and diagonal elements d®(t) does not change its eigenspinsin anS(%)lepin system.

values. However, the averaged off-diagonal elements be-

come zero and the averaged diagonal elements reach a value ) )

that is not necessarily equal to these eigenvalues. Simifa- [12] results in an upper bound for the normalized CPMAS
arguments are found in Sgrensen’s derivation of the univégnal:

sal bounds of polarization transfer experimerits)(We can

estimate an upper bound for the C® signal when we W, [1 N/2 ]1
assume that the average values of all diagonal elements in b= 12 Ny
each interacting manifold |[Man), M + 1B,)} become %% m=ni2
equal. N2-1
The CP evolution of the spin system at the Hartmann— « {N/Z +} D v~ Nv+a
Hahn conditionw;; — w;5 = kwg can be described by 2 s Mt Ny

following R(t) in the {{Man), M + 1Bn + k)} manifolds.

Although the {M_an)} and {|M_Bn)} states are not the

eigenstates of the total spin system, the diagonal elements of X (NyM + ny (M + 1))

R(t) in the representation of these states are called popula-

tions and their average values are defined by the population N2 vzl

parameters :@{ » nM}l[ S NNy 1 ] [17]

®
0S M=-n/2

P(M,, a) = (Mpan|R(t)|M,an)
P((M + 1)q, B) = ((M + 1),n + kIR()[(M + 1),8n + k)

This bound is plotted in Fig. 2 and represents the maximum signal
' that one can expect from a spin system wiith spins. For very
[15] largeN its value approaches the spin-thermodynamic equilibrium
value wgy/wys Which is equal to the ratio between the magneto-
where the bars represent time averaged values of the magyxic ratios of thel and theSspins. The actual quasi-equilibrium
elements. These parameters will reach some constant valuesiate of the spin system at the end of a CP process will be
a time that is of the order of the inverse of the heteronucle@laracterized by a signal that is generally significantly smaller
interaction strength. We estimate that the final values of tHanS,, and that depends on the geometry of the spin system and
populations are equal to the average of the populations of the NMR parameters. In static cross-polarization and spin diffu-
coupled levels at = 0. At the Hartmann—Hahn conditionsion experiments similar differences between quasi-equilibrium
these levels have nearly equal energy and this assumption daeg ideal thermal-equilibrium states were studied experimentally

not violate the conservation of energy: and numerically 12, 16-19.
P(M,, @) = P(M + 1), B) CWCPMAS SIGNAL SIMULATIONS
. nuM + ny. (M + 1) The simulations of the CPMAS signals are performed for
= Z Prwo Ny + Nyi1 : [16] a model spin system of the form

Insertion of these parameters in the expression for the signal in CD,H*—YCH;—CH==CH—*COOH,
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with a conformation of ad,-pent-2-ene-oic acid molecule. 2 T —— , —
CPMAS signals for singly*C-labeled molecules, with = 13
andy = 12 orx = 12 andy = 13, are simulated as a function x0.002
of the mixing time. In this publication the simulations are not
yet compared with actual experimental results. However, the
results provide a means for investigating thoroughly the CP ¢
spin dynamics and for ascertaining our ability to calculate CP
signal enhancements in real experiments.
In order to obtain the magnitude of tt&spin signal as a

function of the mixing time we used the expressiéh ( -

) ] A ] ) ] 2 ] ) ]
N/2—=1 nu+nm+1 -20 -10 0 10 20
St ={SINI2)/sy + X X X ARM)
M=-N/2 r,;s=1 n 5
. r s | ! 1 | 4 | !
X expli(AL(M) — AS(M))t}} [18] %0.002 ]
0
with e A
ARM) = S5 2 {(ASIRu(0) + Ry1(0)[ADHAL|Z5|AS). 2 .
k o -
[19] 4L i
i v-v =0kHz
The coefficientsAy (M) and frequenciear(M) — A5(M) are ob- 6 1
tained from the diagonalization of théMan), [(M + 1)Bm)} ) _2'0 : 1' - (') : 1'0 : 2'0

Floguet matrix blocks an§(N/2) from Eq. [10]. The normaliza-
tion factor is proportional to the total numberlegpin levels in the v (kHz)
system, according to Eq. [11]. Fourier analysis of Eq. [18] resultsrig. 3. The3c cwcPMAS frequency spectra BICH, in our six-proton
in a frequency spectrum that can be constructed by adding signadiel molecule for a spinning speed of 20 kHz and an rf amplitude difference
intensities of magnitudé\LS(M) at frequencieg\;(M) — ,\S(M)_ (vy, — v19 equal to 20 kHz at thAn = 1 (top) Hartmann—Hahn condition and
This CP spectrum, which is a function of the structure of the spffua! © 0 kHz at theAn = 0 (bottom) Hartmann-Hahn condition. The
system, gives upon powder integration Iineshapes that Could"P)tggrated intensity of _these spegtra_are_ zero and the center pgak is genera
. A mainly by theS(N/2) signal contribution in Eq. [9]. Inverse Fourier transfor-
analyzed in terms of molecular structure in the same way @gtion results in th&-spin CWCPMAS curves shown in Fig. 4.
Fourier-transformed dipolar free induction decay signals.
In the actual calculations we evaluated the CPM&Spin
signals in the frequency domain for a set of orientations of othhat are smaller than the upper bound value of §.86 for
model compound. CWCPMAS powder spectra were coht = 6. As expected, the results f&fCOOH exhibit a much
structed by evaluation of the amplitude$(M) at frequencies slower rise time than fot*CH,. The time dependence of ti%e
{AL(M) — A5(M)} and the addition of the intensitg(N/2)/S, signal forv;, — v, = 40 kHz, i.e.,An = 2, is very similar to
at zero frequency, as shown in Fig. 3. The lineshapes of theke results forAn = 1.
spectra can be compared with Fourier transforms of experi-For a spinning speed of 20 kHz the relative signal intensitie:
mental CPMASS-signal intensities as a function of the mixingat theAn = 1, 2 H-H conditions reach a value that is of the
time t, when they are independent df;, rotating frame order of 0.6y/ys. Similar values are obtained when we eval-
relaxation times. These shapes can be analyzed in terms ofdlate the signals for spin systems with only three interacting
molecular structure of the spin systems. The frequency axesobtons or when we ignore all homonuclear interaction terms i
these spectra do not correspond to the rf irradiation frequencikee Hamiltonian, even for the six-proton case (see Fig. 5). Wi
or the frequencies of the free induction decay signals aftewst therefore conclude that at a spinning speed of 20 kHz th
cross polarization. Inverse Fourier transform of the simulatedfective homonuclear dipolar interaction is so much reduce
CPMAS spectra gives rise to the time-dependent signals shothat it hardly influences the CP spin dynamics. In a recen
in Fig. 4. For these calculations we assumed a spinning figiblication 0) on calculations of MAS spectra of a six-proton
quency ofvg = 20 kHz and conditions for the rf field inten-spin system we showed that fa; = 20 kHz the dipolar
sities v, — v;5 = 0, 10, and 20 kHz. These three valuesteraction is indeed significantly reduced. Thus it should be
correspond to the less-efficient H-H conditiadkin = 0, an expected that the CP signal is almost solely determined by th
intermediate case, and the efficient H—H conditidm, = 1, heteronuclear dipolar interaction.
respectively 1). The powder signals reach maximum values For the H-H condition wittAn = 0 the situation is more
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FIG. 4. Calculated®®*C CWCPMAS curves for thé*COOH and**CH,

0 and 1, and larger signals for the intermediate egse- v,5 =
5 kHz. The amplitudes of the oscillations were somewhat large
for vg = 10 kHz than forvg = 20 kHz.

Thus we can conclude that for high spinning speeds th
CWCPMAS experiments of°C—*H,, spin systems at the
An = =1, =2 H-H conditions result in maximum carbon
signals that do not increase for an increasing numNeiof
protons. Only when the effective homonuclear interaction is
significant can one expect a sufficient population redistri-
bution that causes the signal to approach its upper boun
value.

RAMPED VACPMAS SIGNALS

To simulate theS-spin signal as a function of the mixing
time in a VACPMAS experiment the time-dependent spin
evolution operatotJ (0, t,,,) of the S(%)IN spin system must
be evaluated. In our calculations we use the Floquet approac
to evaluate this evolution operator. A variable amplitude of one
of the rf fields results in a spin Hamiltonian that is not neces-
sarily periodic in time. In our calculations we considered an rf
field differenceAw(t) = w,,(t) — w,4t) that was increased
synchronously with the sample spinning. The amplitudes of the
fields were kept constant during each rotor period and wer
modified only at timeg = kkTg, with T = 27/wg andk =
0, 1, 2.... TheFloguet HamiltonianH¢ during each time
interval, kkTg — (k + 1)kTg, was constructed for a constant
Aw(k) value and the matrix elementsdf{kkTg, (k + 1)kTg)
were derived from the elements of the Floquet evolution op.
erator (L, 5. The time-independent Floquet matrix during each
time interval was again subdivided into diagonal blocks, de:
fined by the manifolds Man), [(M + 1)Bm)}, and diago-

carbons of the BHC—CH,—CH=CH—COOH molecule at the Hartmann—
Hahn conditionsy;, — v;5 = 0 kHz (top) andv;, — v;5 = 20 kHz (bottom)

for a spinning speed of 20 kHz. The results at the intermediate case, mhen

— v5 = 1/2vg, is shown in the middle of the figure. These results demonstrate
the difference between the CP efficiency of the direct and higher order Floguet
state population equilibration at th&n = 1 and An 0 conditions,
respectively. At a spinning speed of 20 kHz the homonuclear interaction is
reduced significantly and fakn = 1 the CP signal enhancement is governed
mainly by the heteronuclear interaction. The CP procedsat 0 is possible

only when there is a homonuclear interaction present and the effective reduc-
tion of this interaction slows down this process.

S-signal (y/v,)

complicated. In this case the CP signal enhancement process is
governed by an indirect process, where levels in the manifolds

{IMan)} and {{M + 1Bn)} are coupled via states|¢ + 02 i
18n + 1)} and {|Man + 1)}, with I, 1" = 2,1, -1, —2 (5).

The S signal in the presence of the homonuclear interaction 0.0 : : . : . , i
reaches its maximum value at a slow rate and exceeds the 0.0 0.5 1.0 1.5 2.0

signals forAn = 1, 2. For the®®*CH, carbon theS signal
reaches a value of-0.75y,/ys, significantly higher than the
value forAn = 1, 2. ) -

Some of the calculated sianals show rotor-svnchronized os CT_rbon in our model compound at the = 1 Hartmann—Hahn condition and

) - 9 ) Y “the curve calculated for the same carbon assuming a zero homonuclear inte
lations. Calculations of the CP signal enhancements for a spinnifaéion @ = 0) between the protons. This result is an indication of the effective
speed of 10 kHz gave results similar to those in Fig. 4ior=

t . (msec)

FIG. 5. A comparison between thHéC CWCPMAS curve of thé*CH,

reduction of the homonuclear interaction at a spinning speed of 20 kHz.
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. . . . ) v .
nalized sequentially. The elements of the spin evolution oper C H2 C*OOH
ator, such as4; 5 o o
i A g J e
(Mpa|U(KkTR, (k + 1)kTR)|Mqa) ;; o0 e 2 .
i ;: Qe l>= 10 e
= > (Mpanlexp{ —iH(t,) X kTg}Mga0), T '
n g 12 (a) v=20kHz | g 12 (C) v,=20kHz |
= zZ
were then calculated and the signal was obtained by the mat#ixoz - e §° 08
multiplication IR - 2 o o
0444 - 1 & —
S o "
K-1 . . . ; . . 0.0 - - . . . —
0 1 2 3 4
U(O, KTR) _ 1—[ U(KkTR, (K + 1)kTR) 5 6 0 10 20 30 40 350 60
k=0 S 300 e ~ 300 e
N £,
and A 3 e
5= 10 e i R [ . .
N/ 2 ~ (b) v=20kHz, /;n 12 (d) v =20kHz,
Wo _ 12 15
S(KTg) = ;{ E Nu}~* £ %
0S y—_n/2 Eﬂ 08 '/_—- | .§,,08 s temm——
N2-1 S O R B S :
3 0.4
XAN+ X > M[M,alu(0, KTg)[M,a)|? 0,4..~/’ ] .
M=-N/2 p=1 i [ Y] Dm——— ]
N/ 2 v 0o 1 2 3 4 5 6 0 5 10 15 20 35 30 35
- MKM,B|U(0, KTg)|M 2}

M=-N/2+1 p=1

[20] FIG.6. The®C VACPMAS signal enhancement (filled circles) of i€ OOH
and the*3CH, carbons in our model compound. The time dependences of-(
v19 in these ramped amplitude CPMAS experiments are shown for the fou
In Fig. 6 the ramped VACPMAS signals as a function of thealculations. These rf intensity differences are passing throughrthe 0 and 1

mixing time are shown for th*COOH and"*CH, carbons in our Hartmann-Hahn conditions. These CP results are compared with the CWCPMA
six-proton model system. In these calculations the rf field diffefesults (open circles) at the exain = 0 and 1 conditions. The maximufiC
ences were increased, as shown in the figure, and the Sarﬁig@ls are significantly smaller than the upper bound signaiifer 6 in Fig. 2.
spinning frequency was 20 kHz. Starting at values-@D and 10

kHz the difference was increased in 60 steps up to values of 10

and 30 kHz, respectively. During the mixing time the spin systehi®] do not need any time averaging. A straightforward calcu-
passes, respectively, through the = 0 and 1 H-H condition, lation results then in the normalized upper bound signal for th

causing a level crossing of the manifold of Floguet Stﬂﬂ%&n) adiabatic rampec_j amplitude CPMAS experiment for an evel
and|(M + 1),8m). This ramped amplitude CPMAS experimenfUMPerN of | spins of the form
can cause population exchange between coupled states, when

their level crossing is adiabatit,(7, 20. These population redis- PO
tributions will again result in ais-spin signal enhancement. Sw=— 2 (Ny—Nus)M + ny.s [21]
Just as for the CWCPMAS experiment the above results can @0 y_ni2

be compared with the maximum possible signal that can be

expected in these experiments. The upper bound for difféenwith n,, = 0 for M > N/2. In Fig. 2 this bound is shown as
values can be estimated when we assume that the level cr@s&inction of the number df spins in theS(%)IN system. For
ings are pairwise and adiabatits, 21). With these assump- example, folN = 100 the value5,,, equals 1.84,/ys. As can
tions then,, states of {Man)} and n,,,, states of|(M + be seen in Fig. 6 the signals of the six-proton system do nc
1)Bn + 1), for eachn and for exampleAn=1, interchange reach their upper bound, which is equal to 1.37No# 6. This
their populations a number of times, which is equal to the an indication that the level-crossing process is more com
smallest of the two values,, andn,,,. After a full adiabatic plicated than according to the adiabatic assumption. Thi
passage the diagonal elements of the final Floquet denstyould not surprise us, when we consider the number of statt
matrix are equal to the diagonal elements of the initial densitlyat are undergoing the quasi-adiabatic process simultaneous
matrix. This rearrangement of elements does not change #wen in our relatively simple model molecule.

eigenvalues of the density matrix and the populations in Eq.To demonstrate the complexity of the process we show ir
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FIG. 7. The time dependence of the diagonal eleméhts,,,) equal to
<Mpa‘p(tmix)|Mpa> and<(M + l)qa|p(tmix)|(M + 1)qB> of the13COOH and
13CH, carbon spin density matrix,p{t,,,)}, for M = —1,p =1, ..., 15,

independent of the homonuclear interaction andSisggnal en-
hancement can be evaluated by multiplying the cosine function:
describing the time dependence of the signal on the heteronucle
interactions between th8 spin and the individual spins. In
addition the influence of spin—lattice relaxation and moleculal
motion on the CPMAS curves should be considered in the future
This would require an extension of our program by taking dy-
namic NMR Floquet theory into account.

For large spin systems it will be necessary to use approximat
methods to evaluate the influenceldpins that are not directly
coupled to thesspin. In the CWCPMAS calculations this can be
achieved by a line broadening of the CPMAS frequency spectrur
and an increase of its center frequency value. In the case of tt
ramped VACPMAS experiments this is more difficult and more

g=1,...,20,and = 1, ..., 35, of a single crystallite of our model efficient computational methods must be developed.
compound. These elements are calculated for the ramped amplitude CPMAS

experiment shown in Figs. 6b and 6d, with a spinning speed of 20 kHz.
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