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Isotropic proton-detected local-field nuclear magnetic resonance in solids
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A nuclear magnetic resonance method is presented which produces linear, isotropic proton-detected
local-field spectra fokyS spin systems in powdered samples. The method, heteronuclear isotropic
evolution (HETIE), refocuses the anisotropic portion of the heteronuclear dipolar coupling
frequencies by evolving the system under a series of specially designed Hamiltonians and evolution
pathways. The theory behind HETIE is presented along with experimental studies conducted on a
powdered sample of ferrocene, demonstrating the methodology outlined in this paper. Applications
of HETIE for use in structure determination in the solid state are discussét0® American
Institute of Physic§ DOI: 10.1063/1.1844296

. INTRODUCTION 3cog6,)2- 1
Hp' = wp 2L (2%, (1)
The determination of the molecular structure is central to

our understanding of complex chemical systems. During thavhere g is the angle that the internuclear vecfey makes

past century, structural techniques such as X-ray crystalloguith respect to the ZeemanefleSId. The dipolar coupling con-

raphy and more recently liquid state nuclear magnetic rescstant is given bywp=7ys/[figl> where y and ys are the

nance(NMR) have tremendously advanced our comprehendYromagnetic ratios of spinandS, respectively. For a pow-

sion of molecular processes in nature. However, som ered sample, the spectrum consists of a typical Pake pattern
) P 03 : or a pair dipole coupled sping=ig. 1(A)] since the eigen-

systems such as the prion protéﬁ15p|der silk; amyloid HE ; . ; .

! . values ofHp"™ depend uporg,. This anisotropic broadening

fibrils,” and frozen snapshots of protein foldlr’rzge not ame-

o . limits resolution, lowers sensitivity, and complicates spectral
nable to liquid state NMR structural studies or X-ray Crys-assignments of dipolar couplings in solids. One of the main

tallographic techniques. In such systems where these othegpjectives of developing a dipolar coupling based structural

wise robust techniques fall short, solid-state NMR hasechnique is to remove the anisotropic nature of observed
become a valuable technique. Solid-state NMR utilizes intercouplings.

actions such as dipole-dipole couplings and/or chemical shift ~ Since the anisotropy of the dipolar frequencies in a pow-
anisotropy(CSA), which are present in solids and are very dered sample is due to the presence of a large Zeeman field,
sensitive to molecular structure. In particular, dipole-dipolemany methods have been developed which either evolve the
couplings, due to their dependence upon the distance b&ystem in zero field® or make the system appear to have

tween the interacting spins, have already provided usefdfvolved in zero field _t?zrough the application of some
structural constraints for molecules in solfds. mu!hpk_a-pglse sequence:” The zero-field dipolar Hamil-
Although there have been many attempts to further degoman Is given by
ve.lop.the use of dipolar couplings for use in structurg deter- HSF: wD[r. S 3(r_ f|s)(§' fio)]
mination, the progress of these methods has been impeded
by the Zeeman field-induced angular dependence of the di-
polar frequencies, which hinders the extraction of the desired
distance information from the spectrum. In the presence of a < s _
large Zeeman field, taken to be along thexis, the hetero- Where Ay (6is, dns) and Ty, are second-rank spatial and

nuclear dipolar Hamiltonian between kandSspin is given ~ SPIN tensors, respectively, aitds, ¢s) are polar angles re-
by lating the spin quantization axis 1Gs. The eigenvalues of

HZ are independent ofis and ¢,s, which, even for a pow-
dered sample, result in three sharp pedkg. 1(B)].

—11 .
JAuthor to whom correspondence should be addressed. Electronic mail: TkaO_ demon_Strat_ed _for a ho_mor]UClear spin system
pines@cchem.berkeley.edu that the dipolar Hamiltonian in high-field can be manipulated

2
=wp X, (- 1)mAI25,m( bis: ¢|S)les,—mr 2
m=-2
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where the C(L,M,lgpace Mspace lspin Mspin)  @re  Clebsch—
(A) Gordon coefficients, ané, , are combined spin and space
spherical tensors given by

2
1
VO m=-2

1
Foo= E(Alzs,l( o, ¢L)les,—1 + Alzs,—l( oL, ¢|_)le5,1

2
+ > (2lm - 2A% (6, ¢L)T'§:-m) ,
u.__] m=-2

(B)

(4)
2 1
Fao=1/ %( - E[Alzs,z( oL, ¢L)les,—2 + Alzs,—z( oL, ¢L)TIZS,

2
+ 2 (3 - |m|)A|ZS,m( 9|_, ¢L)TIZS,—m) '
m=-2

Fé,o = Alzs,o( oL, ¢L)Tlos,o-

The scalar ternfrg  is rotationally invariant to any combined
rotation of space and spin and hence is proportional to the
zero-field HamiltoniarHZ" in Eq. (3). If a pulse sequence is

JL It JL impleme_nted which removes all the s_econd and fourth rank
: - \ - - \ - - : ’ - tensors in the combined space of spin and space m@ﬁ
4000 2000 0 -2000 -4000 then the zero-field Hamiltonian is obtained with a maximum
Hz scaling factor given byryax =2/15. The resulting spectrum

obtained would consist of three sharp peaks at frequencies
FIG. 1. Simulated spectra for a heteronuclear dipole coupled spin systel@ Hz and +3vp/(207) Hz. For an IS spin system, the
under (A) high-field and(B) zero-field conditions. A dipolar coupling of_ homonuclear couplings between thepins can in principle
wp/ (271)=2000 Hz was us_ed(A) Pake pa_tter_n for a hetero_nuclear spin b d with . he h | . .
system, where the distribution in frequencies is due to the anisotrogof e removed wit OUt_remOV'ng t _e eteronuclear mtgracnons
in Eq. (1). (B) The zero-field spectrum consists of three sharp lines at fre-Since thel and S spins can be independently manipulated
quencies at 0 Hz and +3000 Hz. under high-field conditions.

Even though the anisotropy has been removed leading to
sharp spectral features, the spectrum under the zero-field
VHamiltonian [Eq. (3)] for an IS system can still be quite
Gifficult to interpret. Consider the scenario of B$ system

by a series of rotor-synchronized radiofrequefR¥) pulses
such that the system appears to evolve under an effecti

. . . ZF .
Hamiltonian proportional toHg™ over the duration of the where the dipole-dipole coupling between thepins has

pulse sequence. Although Tycko’s zero field in high field P .
(ZFHF) methodology has only been demonstrated for homo_been removed, and, through some method, the zero-field di

. o . olar Hamiltonian between thleand S spins has been cre-
nuclear spin systems, it is possible to extend the method t . . R

. . ) S ated. The resulting zero-field Hamiltonian is given by
create an isotropic zero-field Hamiltonian for the hetero-

nuclear caseH™ can be rewritten as follows: - 2 o S
HE = > [wo(- D™ 1A% —m(Os1, Ps1)
m=-2

3cog(6) -1

HHF:
wp 2

21,5, + 0 (= D)Mo Al O, )]
= 0311~ S 1Y) + w2(3S,13 - S- 1?)

2 . e o o
= ZwpAS(6)(31,S,—1-S+1-9
Rl =HEfa + e, ®

3

where a collinear geometry has been chosen for the

_2 s s , s
_3wDA2'°(0'-)(T2'°+TO'O) I,S system. The spectra corresponding to evolution of

5 the total magnetization of the | spins,
X—wo[ > C(1,0,2,0,2,0F 1/3j=y v 7 Tracd]; explitHE)1; exp(=itHE)] are shown in
3 1=0,2,4 Figs. 24A) and ZC) for two different sets of dipolar cou-

plings. The signals contain features that are not simply re-

+C(2’0'2'0’0*@Fé,0]' 3) lated to the couplings. This is due to the fact that typically
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If the HOMIE methodology is applied to dRS system un-
der homonuclear decoupling, an isotropic proton-detected
(A) (B) local-field spectrum, such as those shown in Fidg8) 2nd
2(D), should be obtainable in powdered samples.

In the following paper, the HOMIE methodology is ap-

plied to heteronuclear spin systems in order to produce iso-
Mw UU tropic dipolar spectra. The method, called heteronuclear iso-
tropic evolution(HETIE), produces isotropic proton-detected

2 1 k(l)-lz 12 2 1 kcl)-|z 12 local-field spectra. For alS spin system, HETIE generates
N doublets with splittings proportional to the heteronuclear
(C) (D) coupling. The basic theory for HETIE is first presented, fol-

lowed by a set of multiple-pulse sequences which can be
used to implement the HETIE method. Finally, the HETIE
method is applied to a sample of ferrocene in order to ex-

U U perimentally validate the method.

2 1 0 -1 -2 2 1 0 -1 -2 Il. THEORY
kHz kHz

The Hamiltonian for ahyS spin system in the solid state

FIG. 2. Comparison of zero-field proton-detected local-field spectroscopynder sample rotation and RF radiation is given by
with high-field proton-detected local-field spectroscopy for two sets of cou-

plings. In(A) and(B), w3t/ (27)=300 Hz andwg/ (27)=700 Hz in(C) and Hsys= Hi(t) + His(t) + H () + Hg(t) + H}?F(t) + HgF(t), (6)
(D). w?/(Zw):lOOO Hz in all cases. The zero-field Hamiltonify. (5)]
was used inA) and(C), and the spectra corresponding to the evolution of whereH,;(t) andH,g(t) are the homonuclear dipolar and het-

t_hswglalll|2+rgzgp3<lé}i|23atfigrné Isrilr(]Bl)eézrr\ng?iyt eaorfi\iegnfgtisgﬂ H%T;I;S;isaﬂégd eronuclear isotropic scalar and dipolar couplingg(t) and

to catl)lcuzlazte thg e\foﬁJtion of trgnsvgrse magnetization t)ﬂ thgins. HS(t) are_ the Chemlc_al shift ar:d CSA HarSmItomans for the
and S spins, respectively, anb(t) andHR(t) are the RF
Hamiltonians applied to the and S spins, respectively. The

the zerzoF-fieIdZFcoupIings do not commute with one anotherexplicit forms of the various Hamiltonians are given by

i.e., [H5 ¢ H5 ] # 0. The corresponding spectra therefore y s

containDi%atu?s'zs which are not linear in the number of spinsHII(t) = E wg[aij(t)](alzpz_ -1, (7)

making interpretation difficult. This is in contrast to standard =

proton-detected local-fiel(PDLF) spectroscopy as shown in - .

Figs. 4B) and 2D). Here the high-field HamiltoniafEqg. H|s(t)=z (20b[Os)] + 1257, (8)

(1)] was used for one crystallite orientatiés, =0°). In the .

absence of homonuclear dipolar couplings, the resultin _ (S i

spectra are linear in the number of spins, with the splitting 0?"|(3)(t) - ; QJ( )[01' 0,4 (ONASy), (9)

each doublet equal to the effective heteronuclear coupling. In

most PDLF experiments, the protons are decoupled_ from Onﬁgﬁ)(t) = wgﬁ)(t)[lx(&)coid)g?(t)] + |Y(Sr)3if{¢:§|5:)(t)]],

another and evolve under the heteronuclear coupling to an-

other nucleus, typically &C. Most PDLF experiments have (10

been implemented in oriented phases where nonzero, mavhere A(t) and ¢(t) in Egs. (7)—(10) are the angles which

tionally averaged dipolar couplings exist. This resultdNin  relate the principal axis system of the various interactions in

sharp doublet$from N protong where the motionally aver- Hgto the laboratory frame defined by the Zeeman axis. The

aged heteronuclear dipolar couplings can be interpreted quitangles, (t) and ¢(t), are shown to be time dependent in

readily->** Applications of PDLF spectroscopy to solids order to take into account the possibility of mechanical rota-

have also been performed; however, the resulting spectition of the sample. Under mechanical rotation at a frequency

consist ofN overlapping Pake patterns, due to the anisotropyw, about an axis which makes an anglegfwith respect to

in Eq. (1), which are difficult to interpret>*® the Zeeman field, the spatial factorshhys w;n{ A(t), H(1)],

Recently an alternative method was proposed, calletransform as

homonuclear isotropic evolutiofHOMIE), which produces 2

isotropic dipolar spectra for pairs of homonuclear coupled  , rg(t), ¢(t)]= > d2, (6, exp(— ima,t)

spin systemé7 The HOMIE method works as follows: from m=-2

Eqg. (1) the observed dipolar frequencies are proportional to XM (6 ) (12)

wp(3 cog()-1). If another Hamiltonian is generated with @it Grot.frs Prot.r)

frequencies proportional tep sir’(6), the anisotropic con- where dzmyo(er) is the reduced Wigner-rotation matrix ele-

tribution to the combined signal is cancelled using the relament, andwip,(6,o.r» brovsr) represents the spatial partlidf,

tion sir’(#)+cog(6)=1. Unlike the ZFHF method, only the in the rotor frame. For example, the explicit form of either

frequencies are combined in order to remove the anisotropyo}[ 6;(t)] or wh[6s(t)] is
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3 cod(a(t) - 1
wp(0t) =wp———— /I
2 UBT(z,) :
:%1[3 CO§( Grot.fr) - 1][3 Cog( er) - 1] U™() Po(t.0) SQ Z/WWSO
. . . UPET(ry)
+ % Slnz(erot.fr)smz(ar)S'r[z(wrt + d’rot.fr)] Polt) SKI \1_d)<SQ
+ % Sin(zerot.fr)Sin(zgr)Sin(wrt + ¢rot.fr)- (12) ) U(t) /I 1
p
As can be seen from E@12), wp[A(t)] will contain terms W) z
proportional both to s#{6,q;5;) and cod(6,e: ). In the fol- P, e T—)I—Td)(
lowing, the subscripteot.fr will be dropped, and all angles, IT,<p1 ’ SQ Z/W‘”“”&
and ¢, will be written in the rotor frame. U™ N¢q
The basic ideas behind HETIE follow from the HOMIE b | U2 (ca) 5Q1

method’ As in the HOMIE experiments, rotor-synchronized

mU|t|p|e'pU|Se_ Sequenfges are Usl’ed in order to create certagiis. 3. The basic procedure in order to obtain isotropic proton-detected
average Hamiltonian&® which will act sequentially on the local-field specira. An initial density matriy(0) ==&}, evolves undeH
system in order to obtain isotropic dipolar spectra. The nectEd. (13]to give az magnetizatiorZ) term, (py), and single-quanturt6Q)

. . . term, (p,). Both of these terms then evolve und¢fV° [Eq. (14)], and only
essary Hamiltonians used in HETIE afep to an overall the z components are kept. Next, evolution occurs fragtt, 7) and py(t, 7)

constant under HPET [Eq. (15)] into SQ coherence. The SQ coherences are then
3 c02(6 13 converted back inta magnetizatgc&rTl for detection, using eithe¢P= for the
3 c0(6.0) N ac ! J SIS
H = E (kaD 5) + —21k’)|§(251, (13) pathway originating fronp, or HZ;' for the pathway originating fromp;.
j
polt, 7) = exp(= i THEO) p(t) expli HEYO)
HEVO = Lsind(6.9)[expi2 g9l + exp(— i2¢io)1)]2S,, ;
;ng ( ]S)[ F( ¢JS) “ ¢]S) ] SZ :Eaj|JzCOS{k(ajs)t]CO{ZQ(ajs)T]
i
(14) . _
- 2a;S1Y, codk(G;9)t]sin 2g(6;s) TIcod2¢y;s)
HDET = 2 fwl sin(20,9)[expiti o)l + exp(Fige)l!12S,. - 2a;S,1} codk(Gig)t]sin 2g(Gi) TIsin(2¢h;s),
' (19
(15
The pulse sequences which geneitdteHEV®, andHPET are pa(t,7) = exp(— i THEVO) p, (Hexp(i THEVO)
given in the following section. Since the heteronuclear cou- _ P
plings between theé spins commute, and the homonuclear ‘2 _aJZSZIYS'r{k(aiS)t][cosz[g(eJQﬂ
interactions between thke spins are assumed to have been . _
removed, the evolution for each spin can be calculated - sir{g(6js) Tlcog4¢s)]
independently from one another. +a2S1L sink(8-Qtlsird a( 6. in(4d
Starting withp(0)==;a;l%, evolution undeiH for a time & ‘SZ x Sink(69)tIsiTg(Gig) Tlsin(4¢s)
t gives - ayl} sink(6;5)siN 2g(6;s) Tlcod2¢s),  (20)
p(t) = exp(— itH)p(0)explitH) where g(6;5) =gwl, sir(6s). After application ofHE, the
_ i N i . terms proportional té, are removed by phase cycling, leav-
;a‘[lzcoikwﬁ)t] 25y sink(O9t] ing only thez components of the density matrix. As before,
the z magnetization at the end &f£V° is given by
= po(t) + pa(t), (16)
where (5(t, 7))o = Tt po(t, D1 5] = E a; cogk(6,9)tlcogd2g(6,9) 7],
i
Po= 2 ajl’ cogk(G91t], (17) (21)
i
(I2(t, 7)1 =Trlp(t, DI ]

p1=-22 S| sik(gt], (18)

) = 2 a; sink(;9)t]sin2g( ;) TIcog2¢;s) . (22
where k(6js)=koh[3 cod(6jg)-1]/2+Jk'/2. The coher- :
ences inp(t), pg, andp,, can be distinguished by their rota- If the ¢;s dependence of Eq(22) were absent,
tional property under @ rotation; therefore, the signal origi- Eqgs. (21) and (22) could be added or subtracted to
nating from each term will be considered separately, which igjive cos$k(f;s)t]cod 29(6;s) 7] sink(G;9)t]sin 29(f;s) 7]
depicted in Fig. 3. Evolution for a time underH=® gives  =cogk(6,9)t + 29(6,s)7], where the anisotropi®;s depen-
the following: dence could be removed if
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3kt= ¥ 2g7. 23 (A) ° 3

The ¢;s dependence in E¢22) can be removed by evo- U 7 5 5 9
lution under the Hamiltoniang42F" given in Eq.(15). The
pathway originating fronp, evolves for a timerpgr under
HDET. Next a filter is applied that only allows single-quantum . .
coherences through as shown in Fig. 3. Finalfff" is ap-  (B) |§m]> (m]) | |(m]) (m]) |
plied again for a timerpet, the z component of magnetiza- Vo ' nior  m2lndg B x.6n myllndy

tion is measured to give the corresponding signal of U@ 4

427 4727 427 4 27

s [

S = TH{l zpo(t, 7, ToET) ]

=~ 3 & codk(flcod 200 ASFI2N o), () Jlon) () () @] o) @) () @]
j [DET 9% 6n lndy T 9T on ln
u

(24) i

|
+1](1;) 10 10 10 10 10 10 10 10
S

[+

Wheref(ajs):fwjD sin(26;s). Along the pathway originating
from p,, the system first evolves for a timggr underH?E". (D) 5 s

Again a filter is applied that only allows single-quantum co- | M&Mﬂ]ﬂm
herences through as shown in Fig. 3. FinalE" (instead [U DET] © " lm 4r leedg bz Ur 4z lendg
s

10 10 10 10 10 10 10 10

[+

of HPET) is applied for a timerper, and thez component of -
magnetization is measured to give

FIG. 4. Basic pulse sequences used to crégtéd®°, HPET needed for
S, = Trllzp1(t, 7, 70e7)] HETIE. (A) The pulse sequence which create§Hd. (13)] to lowest order
and the corresponding propagatd(t). wge=(15/2)w,, and the total time

= 2 a; sir{k(&,—s)t]sir’{Zg(ejs) T]sin2[2f(0js) TDET] StS\? for propagatdd(t) is t=87/w,. (B) The pulse sequence which creates
i HEVO [Eq. (14)] to lowest order and the corresponding propagatef©(r)
with wge=(27/4)w, and 7=87/ w,. (C) and(D) are the pulse sequences and
XCO§(2¢J-S). (25) corresponding propagators fBiPET and HPET [Eq. (15)], respectively, with
wrr=(15/2w,. The shaded pulses represent underlying Y phase/2)

The requirement of applyingi®c" instead ofHDET for the while clear| pulses havex (0) phase.

pathway originating fromp, is to generate an additional

co92¢;s) factor as shown in EQ(25). Assuming theg;s lIl. PULSE SEQUENCES
angles are uniformly distributed over the inter{/@l 2] for
eachdjs, the powder average ovefis generates a factor of There exist two additional challenges in implementing

1/2 for Eqg. (25 and a factor of 1 for Eq.(24). The the requisite Hamiltonians for the HETIE experiments over
¢is-averaged signals from Eqé24) and (25 can then be  that of the HOMIE experiments. First of all, the homonuclear
combined as follows: dipole-dipole interactions between thespins (and the S
spins if there is more than one presemntust be removed,
ifz”d +25)=-S ac since the above theory deals only with a set of noninteracting
6w, HS225) = j 3Cj(oer) | spins coupled to a sing®spin. The second requirement is
that the CSA of thd spins must also be removed. Since the
X[cogk(6i9t £29(6;5)7]]. (26)  heteronuclear dipolar coupling and the CSA of thepins
both have second-rank spatial components and are linear in
Equation(26) requires only one of the solutions to E@3)  the spin operatol,, they can only be separately manipulated
to be satisfied, thus completely removing the anisotropic porby also applying pulses on ti&spin.
tion of the signal. The corresponding signal intensities for  Although there exist numerous ways to produce the nec-

spinj, &Ci(7per), are given by essary Hamiltonians for the HETIE method, one set of rotor-
synchronized pulse sequences is shown in Fig. 4. These se-
a,C;(7per) guences represents a hybrid of Rl sequenc@g with the
al1rm _ CN; sequence%l. The details of the sequences are given in
:_{_J dejssin(ajs)sinz[wa{g sin(zng)TDET] Appendix A. The zeroth-order average HamiltoniZnor
312J)o the sequences shown in Fig. 4 &dFig. 4A)], HEVO [Fig.
. 4(B)], HPET [Fig. 4(C)], and HPET [Fig. 4D)]. It is worth
= élll + > ‘JZ—”(ZJ)—] , (27) pointing out that ther-pulse applied to th& spin is neces-
6 e 160° =1 sary in order to retain the heteronuclear coupling but to re-

move the CSA and chemical shift of thespins.
whereZ]-:4fwiDrDET, andJ,,, are spherical Bessel functions. For the case whem'RF=(15/2)w,, the zeroth-order av-
The signal intensity is a maximum whef)~3.8 with C  erage Hamiltonian for the sequence shown in Fig)4is
~0.24a, andC—a;/6 asZ;— . given byH [Eg. (13)], with k andk’ given by
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(= 4 3cod(6,) -1
" 37 2
_E:% cog(6,) -1

> (28)

For w5/°=(27/4w,, the sequence shown in Fig(B) gen-
erates a zeroth-order Hamiltonian given B5V© [Eq. (14)],
with g given by

T 1T SII’12( 0,-)
g= COS(Z - E(EV0> COE(TF{Evo)m
=g sir(6,), (29)
where {eyo= o,/ wgpo.
DET _—

Finally, for wgg =(15/2)w,, the sequences shown in
Figs. 4C) and 4D), produce zeroth-order Hamiltonians

given, respectively, byH =" and HPET [Eq. (15)], with f
given by

(oot ool
co 4 sin(26,)co 4 4§DET co 2§DET

f= >
7T[§DET_ 1]

=f sin(26,), (30)

where/per=w,/ wRE". Note that in order to create the safne

dependence in botH°E" as inHPET, the order of the com-

posite 180° pulses had to be switched, as shown in Fig).4

J. Chem. Phys. 122, 074507 (2005)

FeCp,

5.6 kHz

40000

20000 0
Hz

-20000 -40000

FIG. 5. 300.986 MHz one-pulstH solid-state NMR spectrum of Fegp
spinning 15 kHz a¥, =73.9° showing the normally broad, featureless nature
of the *H signal without the application of the HETIE method.

MAS rotor. The experiment was performed dthresonance
frequency of 300.986 MHz, exactly on resonance for the
protons of ferrocene. A rotor angle 6f=73.9° was selected
using the “+” solution to Eq.(32) andt=r for use with the
sequences shown in Fig. 4. The angle was set externally to
73.9° +£0.2° with the use of a protractor and a long rod which
was exactly coaxial with the spinning axis. The “one-pulse”
'H spectrum obtained under the conditions of the HETIE
experiment is shown in Fig. 5. THel linewidth is 5.6 kHz

To simplify the experiment, a solution can be found for aand is clearly not isotropic due to tHel=1H dipolar cou-
single rotor axis. Under this condition, the evolution mustplings and théH CSA which are only scaled when spinning

satisfy
“wp. (EB cog(6,) - 1][3 co2(6) - 1]
t+7 2 2
. X _ kat _
+ ZQTSII’IZ(ﬁr)Slnz(b’)) ‘ = t+ 7 = owp. (31

When 6, #0’, t and r must both be a multiple of the
must be nonzero at the given
rotor axis, which means solutions near 90° and 0° must b

rotor period. In additionH2>r"

discarded due to the $i2¥,) dependence in Eq30). From

Eqg.(31), the rotor anglé, that the sample must be spun at in +2% (X3+Y3+Y4+X4)

order to remove the anisotropy is given by
< |3kt + 8§r>
6, = arcco .
9kt + 8gr

IV. EXPERIMENT

(32)

at 15 kHz atf,=73.9°.

The full experiment required to generate the signals from
the various pathways depicted in Fig. 3 is shown in Fig. 6. A
total of 12 separate scans is necessary to generate a point in
the indirect dimension. The sum of experimeKts X2, Y1,
andY2 gives the signalg, [Eq. (24)], which results from the
pathway originating fronpg in Fig. 3. Summing experiments
X3, X4, Y3, and Y4 gives the signalS; [Eqg. (25)], which
results from the pathway originating from in Fig. 3. Note

fhat experimentX3, X4, Y3, andY4 have to be repeated

twice in order that the total signalS=X1+X2+Y1+Y2
, is isotropic[Eq. (26)].

The spectrometer used in these experiments was an
infinity-plus spectrometefVarian Inc., Palo Alto, CA A
Chemagnetics(now Varian, Inc., Palo Alto, CA 4 mm
Apex-HX MAS probe was used. The RF amplitudes for the
sequence were calibrated by finding the maximum intensity
of the requiredr/2-pulse on proton. The-pulse on*C was
calibrated using cross polarization and observing where the

An experimental implementation of HETIE was tested cross-polarized signal’s phase was inverted after the applica-

on a natural abundance sample of ferrocére(CsHs),]
which was doped with 2%
[Co(CsH5),] in order to shorten th&; relaxation time of the

ferrocene protons from-60 s to 1 s. The sample was pre-

tion of a fixed m-pulse. The pulse sequence was rotor syn-

by weight cobaltocene chronized by controlling the spinning speed at/(2m)

=15 kHz+3 Hz.
One of the difficulties with implementing the HETIE

pared by melting the two compounds together, and the resulsequence was keeping the requirements of RF and rotor syn-
ing mixture was ground to a powder and packed into a 4 mnthronization within experimental limitations. The specific
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U U0 (Uym (GYm ()2 (Lf)g (VN proper interpretation of the ferrocene diffraction d&tand
1H“mm “""” “||||i“ “|||||| | “]]]]]] (il ﬁﬁg,"m]m]m |||||||||||" ﬁﬁ;,hk,_ we hope that NMR might be able to provide some additional

¢ ¢ insight.

Time: | i | T | {IDET,DET, The only C—H couplings considered are those located
Rotor | se | within the Cp ring of the ferrocene, since the other protons
gl | - ' are much farther away with couplings reduced by the fast
experiment | ¢ g M | receiver phase motion of the Cp ring. The ring motion also affects the ob-
é; 8 1? 1 1 servable couplings since the motional time scale is much
Y1 T 0 1 1 greater than that of the coupling strengths; the molecular

5 ;(é ’5 ’5 1 } motion scales the observed couplings by a faBtgcod )],
2*X4 0 T -1 1 where@ is the angle between the C-H vector and the axis of
g:ﬁ i 9 - ¥ fast motion. For the case of rotation about the Cp axis, the

observed couplings are scaled By[cog90°)]=-1/2.

FIG. 6. Actual experiments performed for the demonstration of HETIE It is important to consider the uncertainties in the C-H
methodology to obtain isotropic proton-detected local-field spectra. Thedistance when comparing the theoretical and experimental
pulse sequence, along with the corresponding phase cycle, is presentqgl'rpmar coupling results. Using the neutron diffraction a%.ta
Definitions of U, UEYO, and UZET are given in Fig. 4, which include the . S .

series of 180° pulses which are not explicitly shown in this figure. Theand the associated Standarq deviation from the dlﬁerent
points int, are parametrized byrem, n={0,1,2,..} andm=1 for odd  analyses of the same diffraction data, we expect the unique
numbered points anah=0 for even numbered points. For the above experi- observed dipolar couplings of room temperature ferrocene
ment, t=7=(2n+m) X 167/ »,. The first four experiments correspond to between a singlé3C on the ring and the protons as scaled by
evolution alongp, in Fig. 3. The last four experiments correspond to evo- .

lution alongp; in Fig. 3. The last four experiments have to be performed the HETIE experiment to be 1026+232, 111.512,
twice as required from Ed26). This sequence is similar to that used in the 33+2.4 Hz. The error in these scaled couplings may seem
HOMIE method(Ref. 3. quite large; however, the tJ dependence of the coupling

amplifies errors at small distances.

experimental limitations that had to be dealt with were the  1hese scaled coupling values are determined from the
fact that the probe could only spin the sample up to 20 kHzidea! scaling factorg=0.0817, which lacks any inclusion of
and the maximum achievable RF power wagg/(27) mte_:racthns or higher-order terms in the average Hamlltonlgn
=150 kHz. In the experiments used in the HETIE sequencéVhich might degrade the performance of the sequence in
the spinning speed usually set the ceiling for the maximung_ddltlor) to possible pulse and phase errors. Exact numerical
RF power used in the experiment. Although a RF power ofiimulations were performed on a three spis system,
150 kHz could be produced, the RF pulse quality diminishevhere only the two closest protons to th in the Cp ring
with increasing RF power. For this reason, better perfor_VVere considered. The simulations shown in Flg 7 were per-
mance was often achieved at RF powers 0100 kHz, ~formed with a weak homonuclear interacti¢A) without
which was the RF used in the HETIE experiments below. and (B) with a proton CSA. As is shown in Fig.(&), the
peaks are isotropic and at the correct frequentssdeter-
mined from the scaling factos;=0.0817. It should be noted
that since the spectral range is determined by the spinning
V. RESULTS AND DISCUSSION speed divided by the number of evolution units per dwell
(15/8 kH2, the largest C-H coupling is actually under
The sequences shown in Fig. 4 fiorr yields a scaling sampled and is effectively folded in from the edges of the
factor of6=0.0817[Eq. (31)]. Although ferrocene is an ideal spectrum. This is an unfortunate artifact; however, it is nec-
sample due to the scaled dipolar couplings and high molecwessary given our maximum RF restrictions and spinning
lar symmetry, there exist more than 30 different structures irspeeds. Smaller couplings, which are expected to be of great-
the Cambridge Structure Database with C—H bond lengthsst interest for structure determinations, will typically be
varying in the range of 0.99 to 1.1 A. We have restricted ouwithin the spectral window given by the current experimen-
analysis of the bond lengths to more modern neutron diffractal constraints.
tion studies where the method has a better chance of detect- Figure 1B) shows the results of a simulation on a more
ing the proton positions. In an attempt to predict the expectedealistic sample with nonzero Euler angles relating the axes
values for the observed scaled couplings, the bond lengthsf the interactions, as well as a 5 kHz CSA on each of the
were taken from the neutron structure with the best experiprotons. Figure B) indicates that the weaker coupling
mental parameterS.In these studies, the complex Cp mo- peaks are virtually unaffected while the larger coupling
tions were taken into account in the diffraction analysis. Thispeaks have some additional broadening which we attribute to
analysis gave a variable interpretation of the carbon-protoa higher-order cross term in the average Hamiltonian be-
internuclear distancestandard deviation=0.02)%or room  tween the CSA and the heteronuclear dipolar coupling, since
temperature samples of ferrocene. We used the structutbe underlying heteronuclear dipolar coupling is significantly
found in the Cambridge Structure Databa®@SD ref. larger. The CSA values used in Fig(Bj are in excess of
#FEROCEZ29 which reports C-H distances of 1.04, 2.18, what has previously been seen for the CSA of protons in
and 3.28 A within the Cp ring. In addition to the work by ferrocené* with aAo(=0y-o,) of -6.5+£0.1 ppm. In addi-
Brock and Fuf* there has been much discussion on thetion, further numerical simulations using typical values for
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FIG. 8. HETIE experiment and simulation comparison for FeCf) The
simulation uses the couplings as determined from diffraction stuéies
22). (B) The experimental power spectrum was acquired at 300 Miz.
=73.9° andw,/(27)=15 kHz.

800 600 400 200 IE)I -200 -400 -600 -800
z
appear to be close to the correct frequengeimus the spec-

FIG. 7. Simulation of the performance of the HETIE pulse sequéFicg 6) tral folding) at 1090+10 Hz, which corresponds to a bond
using thesimpsonprogram(Ref. 3. The heteronuclear dipolar couplings of - distance of 1.019+0.003 A. The next largest coupling peaks
wp’/ (2m)=13.425 kHz f"lnd"é:j’_(zT)zl-45|5 kHz nere “iedei” both Si”:j“‘ occur at 147+10 Hz, which corresponds to a distance of
I(f;ﬂgza?gdkbasg?;n Si,nsl:gni?; tr'féoairsgr’;z 'Qfggg() ﬁénidealzsgﬁss;;irﬁ 1.99+0.041 A, which is different_fror_n the neutron diffrac-
with the CSA of 5 kHz for each proton. tion distance of 2.18 A as shown in Fig. 8. The smallest C-H
coupling peak cannot be observed unless the large zero peak
is subtracted, which is shown in Fig. 9. The peaks roughly
heteronuclear scalar J couplings showed that the signal is ngkcyr at 31.5+15 Hz, which corresponds to a distance of
sensitive to J couplings, even with the inclusion of the CSA.3 52+0.60 A, which is within the range of the neutron dif-
Finally, Fig. 8 shows a comparison betwdgy) an ideal  fraction distance of 3.28 A.
simulation and(B) the actual eXperimental Signal. The first The HETIE method can provide a valuable Comp|ement
thing to note is that the spectrum of Fig(B8 is a power to existing methods in solid-state structure determination.
spectrum(|f(w)|?) which is necessary to facilitate the com- Consider determining the structure of 4gS system as
parison with the simulation, since the signal to noise wasshown in Fig. 10. The HETIE method provides information
quite low. Second, there appears to be a large zero peak #bout the heteronuclear bond distances in a powdered sample
the experimental spectrum which has been truncated so th@d,g, D,s, andDsg in Fig. 10. If either the angles between
the peaks of interest are more clearly displayed. The originhe various heteronuclear dipolar vectors could be deter-
of this peak is somewhat uncertain; however, we suspect thatined (6,,,6,3,6,3 or the homonuclear distances
it is related to either residual couplings to more distant pro{D;,,D;3,D,3) then the structure of the system would be
tons or the signal decay caused by the accumulation of pulsgetermined. Determining all the homonuclear distances for
and phase errors, but this requires further investigation.  an abundant spin species such'dss problematic in solids,
The largest coupling peaks in the experimental spectrunsince extracting the dipolar couplings becomes almost im-



074507-9 Local-field NMR in solids J. Chem. Phys. 122, 074507 (2005)

A B). In the future, application of HETIE along with these
( ) “ correlation techniques may help to solve structural problems

in the solid state which are not amenable to current method-
ologies.

=N

VI. CONCLUSIONS

A methodology, heteronuclear isotropic evolution
(HETIE), was presented which produces isotropic proton-
detected local-field spectra of powdered samples. HETIE
works by removing the anisotropic portion of the hetero-
nuclear dipolar coupling frequency by having the system
evolve under carefully designed Hamiltonians and evolution

(B) pathways. In this paper, HETIE was shown both theoretically
and experimentally to produce linear, isotropic, proton-
detected local-field spectra. The heteronuclear coupling val-
ues as determined by the HETIE experiment on a ferrocene
sample actually agree quite well with the “known structure,”
given the uncertainties in the interpretation of ferrocene dif-
fraction studies. Thus far we have made only a single study,
but with additional refinement of the HETIE sequence, we
anticipate this method may yield valuable structural insight
into many solid-state systems.

750 500 250 0 -250 -500 -750
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the heteronuclear dipolar vectors by performing either

dipole-dipole correlation experiments or dipole-CSA

correlation>" In addition, coupling the HETIE method APPENDIX A: PULSE SEQUENCE DETAILS

with dynamic angle spinning techniq#@siot only improves

the scaling factowr of the HETIE experiment, but also cor-

relations between the isotropic heteronuclear couplings an

the isotropic chemical shifts could be obtain@sppendix Heys=Hi(t) + Hig(t) + H, (1) + Hg(t) + Hi(t)

=Hr(t) + Hie(D), (A1)

The Hamiltonian for anlS under mechanical rotation
gnd RF irradiation is given by

where the equations and forms for the various termddn

are given in Eqs(7)—<10). The basic Hamiltonians needed
for the HETIE method require finding a particulhi’RF(t)

such that the spin system appears to evolve, in some aver-
aged sense, undét [Eq. (13)], HEVC [Eq. (14)], and HDET

[Eqg. (15)]. Transforming into an interaction frame defined by
HLe(t), the propagatob(t,,ty) can be written as

ty
Ultyty) =T exp<— if dt’HSyS(t’)>
to

o
FIG. 10. Anl;S system. HETIE, in principle, can determifgg, D.s, and =V(ty,to) T exp(— if dt'H,NT(t')>, (A2)
fo

Dss In order to fully determine the structure, either the relative an@les
0.3 and 6,5 or the homonuclear distancé®,, D;5 andD,3) need to be ) ) .
determined. whereT is the Dyson time ordering operator and
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N The coefficients? 1, (in front of terms likel}, and1.S;)
V(tlltO) =Texp — |f dt’HRF(t’) y (Ag) are given by
to

. bty = = df o(6)vi ” exp(F i) p(i'7—T>
Finer(® = VIt t)Hy (0 + Hig(®) + Hy(®) + HeO V(L o). i =~ ol U PTTPlexp 217y

A4 Kk
(A) X (exp(Fi[d— )3 - 1)cos<7—7 = ”—5)
For short enough times, the propagator in E&2) can be 4 4
approximated as k 2
i o XCOS{%)a k)?- 1] (A12)
U(ty,to) = V(ty, to)exp(— itH), (A5) (k- 1]

Wheredio(er) is the reduced Wigner matrix elemeft,is the

wheret=t, ~t,, andH is the average Hamiltonidhover the angle that the rotor axis makes with respect to the Zeeman

time intervalt. H is given by field, {=w,/wrp and v,=exdi(k¢m)/2]. The coefficients
” b2, (in front of terms likel} 1} +1.1}) are given by
H=2> H, (A6) _
n=0 b2, = 2dZ o(6)exp(Fi vy exp( Fi —)

W_hereﬁ(”) is thenth order average Hamiltonian. The zeroth-
(H©) and first-ordefH?) average Hamiltonians are explic-

X[vE exp(Fi[¢ - ¢1]) + 1]

itly given by % S<7_T+ _Wk§> {_Wkg)—l A13
o 2% 2 ) Sk A

[(0) I— ’ '
Ho =1 ft At Hir (1), (A7) Note that whenvf expti[¢-¢,])=1, b24=0 while b22,

0

#0, and whenv exp(£i[ ¢ ¢, ])=-1, byl # 0 while b2,

_ i (o ) R =0. This is due to the fact that the units

HY = ——f f dt'dt’[Hnt(t"),Hint (1)1, (A8)  [(m/2)y(7/2)y(mI2)y] and[(7/2)y(7/2)y(7/2)y] act like a
20y Jig composite 180° puls@with an additionalZ rotation). Under

a 180° X pulse, l.— 15, while 1515 +14 15— =151 +1L1L),

hence the ability of these sequences to distinguish between

odd and even ranked spin tensors. This is part of the basis for

the RN? sequences which have been used extensively in

solid-state NMR® Note also thabt=b2!=0 for k=0, %1,
2,0 ! ;

In the following, the aim will be to create zeroth-order aver-

a%le;THamiItoniansH(o) which are equal toH, HEVC, and
Ho
The set I(DJETpuIse sequences that were used to ckate
EVO i i
rljucle;a?nocljipl)_'oilélr m?élrea;?nzwgge bsortlgvflzeir??:% azd Eg::nho_ofand by0=0, so that these sequences are also compensated for
h | d of I 5I .k . E,otropic chemical shifts and th&}, component of the
these pulse sequences are composed of small blocks given ¥monuclear dipolar interaction in the RF interaction frame.
[(7/2)x = (ml2)y = (m2)x] [ (7]2)y = (7I2)y = (72)y] 4, - The extraZ rotation of phase\=2[ ¢, - ¢] in Eq. (A10)
propagates throughout the sequence by repeatedly applying
(A9) the basic unit while the sample is being mechanically ro-
The sequence in EGA9) has the advantage of being able to tated. Defining the operator for a rotation of an angjlabout
remove the homonuclear dipolar coupling between the theZ axis asP;(¢)=exd-i¢l], the propagator oveN ap-
spins®® The propagator for the block in EGA9) can be  Pplications of the basic unit is given by

approximated by N
_ I - —ir HO
VO ~ expl- 2~ dll ety d®), (a0 ONenO = TILPAR@ein Y, (a1

where tc,=[37/(wgg)] is the total time for the block of whereH'” is the zeroth-order average Hamiltonian over the
pulses, andH? is the zeroth-order average Hamiltonian overwth application of the sequence in E¢A9). Since the
the timet,,, calculated using E4A7). H© can be written as  sample is being mechanically rotated during the pulse se-

m n quence,ﬁ? is not equal toH© in Eq. (Al1l), since the
HO=S S > % bR Ak Thp: (A11)  coefficients of the spatial tensors fif)y(t) are time depen-
rn mks-mp=—n dent[Eq. (11)] and the length of the pulse sequence in Eq.

(A9) is in general not equal to a multiple of the rotor period.

where A’ are spatial tensors of rank, and T'. . are spin .
mk P np P H'? is given by

tensors or rank in thel space(i.e., bothl, andlz'SZ are first
rank tensors in thé space, whereas3,-1'-1l is a second- _ mo2 )
rank tensor in thé spacé. The sum over denotes different HO=> 2> > X b (1Y Ak Thps (A15)

11 (0) i r n m k=—mp=-n
terms inH™ with the same values fdk, p, m, andn (for
example,wgs A5 o7 and w3 AS'3S, each havek=0, p=0,  wherey=expiko, 7,0 With 7., being the time of the given
m=2, andn=1). pulse sequenckn the case of EQ(A9), 7= 37/ wgel.
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If NA=27q whereq is some integer, an average Hamil- used in all the sequences shown in Fig. 4. The average
tonian for the whole propagatot(N,0) in Eq. (A14), Hamiltonian for the sequence in FigA) is H [Eq. (13)].
can be calculated as follows: The sequence shown in Fig(B) is formally equivalent
to a C9% sequence whemge=(27/4w,, which again lets

" through terms of the formA2 +2Th+1 from Eq. (A18) (the

U(N7eyo 0) = PoNA)TTT exd— ime,P5([w— 1]4)HY

wel terms of the formA[, o T},  do not contribute due to the basic
pulse blockqEq. (A9)]) Due to Eqs(A12) and(A13), only
XPz([w=1]A)] terms of the formA} ,,T} ,; contribute. The average Hamil-
=~ tonian for the sequence in Fig(B) is HEVC [Eq. (14)].
~ exp(= iN7e, H?), (A16) Finally, the sequences shown in FiggqC¥ [formally

equivalent toC53] and 4D) [formally equivalent toC52,]
whereH®© is the zeroth-order average Hamiltonian over thegenerate average Hamiltoniad§=" andHPE, respectively,
whole sequence, which is given by when wgre=(15/2)w,. Both sequence<L5; and CS%2 let

N through terms of the form[ oT;, , [Eq. (A18)], but the basic

= 1 — blocks[Eq. (A9)] prevent such terms from contributing to
HO = === 3 7 P([w~ A P(w - 114) Rocks[Ea- (A9)] p fror g
cyow=1 H©. Using Eq.(A18), the sequence in Fig.(@) also lets
through terms of the formA;, ,,T, ., (which are removed

= 2 > E 2 AL removed by concatenating two pulse sequence blocks which

n m k=s-mp=-n are phase shifted by 90° relative to each othand
N1 2+1Tn+1- DU to Egqs(A12) and (A13), only terms of the
E exp(iw[pA + Koy 7eyd) |- (A17)  form A, T} ,; contribute toH®. Using Eq.(A18), the se-

quence in Fig. @) lets through terms of the fori, T, -,

For A=27v/N and w, 7,,c=279/N, only those terms of (which are removed removed by concatenating two pulse
the formA', kTLp with k and p satisfying sequence blocks which are phase shifted by 90° relative to
t each otherand A, ,,T;, ;;. Due to Egs.(A12) and (A13),
only terms of the formA; ,,T} o, contribute toH©. Note
whereZ is an integer, will be present to lowest order, since that the order of the two composite 180° pulses are switched

in the sequence in Fig.(B) relative to those in Fig. (€).

1% E 27TQ _1 A19 This is to ensure that the scaling factbfEq. (30)] is the
N o N (A19) " same for both sequences.

kn+pr=NZ, (A18)

if Q=NZwith Z an integer and equals zero in all other cases.
This is basis for the€N” sequence$.*
The first half of the sequendgefore the 180° pulse on

the Sspin) in Fig. 4A) is comprised of two blocks of pulses In trying to obtain the maximal scaling facter, all se-

of the form given in Eq(A9) with ¢=7 and ¢,=0, which  guences used to generate the various Hamiltor(ignsiEV©,

are phase shifted by 90° from each other. This unit is theyng HDET) are assumed to be comprised &fpulses(i.e.,
repeated five times which makes, accordlng to®48), the  ynlimited RF power can be uspddditionally, the sample is
whole sequence formally equivalent t65; when wgrr  allowed to switch between different rotor angles during the
=(15/2)wy. In this case, only those terms of the form course of the experiment. The optimal sequences to produce

ApoThp Will contribute to HO). As discussed earlier, for se- H and HEV for a single!S spin system will now be pre-

quences of the form of EqA9), the coefficientsbyy for ~ Sented.

terms of the formA', ;T . are zero and thus do not contribute ~ While spinning the sample a,=0° for a total timet
0700 =4Nt", the sequence

APPENDIX B: IDEAL HETIE SEQUENCE WITH
OPTIMAL SCALING FACTOR o

to HO, Additionally, because of the concatenation of two | s s N |
sequences which are phase shiftedmi2 from each other, (7/2)., = [t" = (m)o(m)g = 2" = (7). (m)7 = '] = (7/2)3,,
terms of the formA[ ;T ., will cancel and thus not contrib- (B1)

ute to HO. Finally since exp-i(¢,—#)]=-1, terms of the  yroquces an average Hamiltonieinwith k=k’ =1 [Eq. (13)].

form A[, T} ., also will not contribute Eq. (A13)], leaving HEVO [Eq. (14)] can be created by a variety of rotor-
on|y terms of 0n|y of the fornA\" OT 141 to contribute td:(()) SynChronized RF pulse sequences, each resulting in a differ-
[Eq. (A12)], which includes terms arising from both the CSA ent scaling factog. A maximal scaling can be achieved fpr

(I,) and heteronuclear couplings.S;). In order to distin- by applyingN, phase-incremented, rotor-synchronized units,
guish between these two contributions, the sequence is r&ith the kth unit given by

peated again with all the phases of the pulses shifted by 180° [(m12)g = 74— (712) 11, (B2)

in addition to applying a 180° pulse to tl&spin. This has K

the effect of refocussing the CSA terms but keeping the hetwhere 74=27/(w,N) and ¢.=47/N. The sequence in Eq.
eronuclear coupling terms. Such a pulse sequence motif iB2) is then repeated with an extraphase shifted added to
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