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Possibilities and limitations of iterative lineshape fitting ap- topes, where spectra depend on both magnitudes and o
rity
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roaches for the complete determination of magnitudes and ori-
ntations of NMR interaction tensors in a four-13C-spin system
rom MAS NMR experiments are investigated. The availability of
ast and numerically accurate computational methods is an im-
ortant prerequisite. The model compound chosen for this inves-
igation is the monoammonium salt of maleic acid. Various selec-
ively and fully 13C-labeled versions of this compound permit a
tepwise reduction of the number of unknown parameters, neces-
ary to fully describe the four-13C-spin system in the uniformly
3C-labeled maleate moiety. This stepwise procedure allows one to

onitor reliability and accuracy of multiparameter fits of the
our-13C-spin system itself, as well as to characterize limitations
nd requirements for such fitting procedures. Satisfactory 1H-
ecoupling performance is an essential experimental requirement;
PPM decoupling yields n 5 1, 2 rotational resonance 13C MAS
MR lineshapes suitable for analysis by iterative lineshape fitting
ethods. It is demonstrated that assumptions about “typical”

hemical shielding tensor orientations, even if not deviating much
rom the real orientations, lead to severe errors in internuclear
istance determinations. © 1999 Academic Press

Key Words: solid-state NMR; magic-angle spinning; homo-
uclear spin systems; spectral lineshape simulations; rotational
esonance.

INTRODUCTION

Magic-angle spinning (MAS) NMR spectra of the majo
f spin-12 isotopes usually are straightforward to obtain fr
owder samples of a very wide range of different chemi
AS NMR spectra of spatially isolated, single spin-1

2 isotopes
such as, e.g.,13C, 15N, 29Si in low natural abundance) provi
asy access to high spectral resolution and to magnitud
hemical shielding tensors, but do not generally reflect
rientation of chemical shielding tensors in the molecula
rystal principal axis system. The situation differs fundam
ally for MAS NMR spectra of isolated homonuclear s
ystems, composed of mutually dipolar-coupled spin-1

2 iso-
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ions of all interaction tensors (chemical shielding, dipolar
coupling) present within the spin system. Numerically e

pectral lineshape-simulation methods in conjunction wit
rative fitting procedures are then required to extract the

ous interaction parameters from suitable experimental M
MR spectra. The smallest spin system where geome

nformation is encoded in simple MAS NMR spectra is isola
omonuclear pairs of spin-1

2 isotopes. These occur quite co
only in a variety of chemicals, either by spatial separatio

he solid-state structure for 100% naturally abundant s12
sotopes (e.g.,31P, even1H, 19F), or manmade by means
elective enrichment of isotopes of low natural abund
e.g.,13C, 15N in organic molecules). It has been demonstr
hat indeed the properties of isolated homonuclear spin-1

2 pairs
an be exploited for the determination of internuclear dista
nd/or chemical shielding tensor orientations from straigh
ard MAS NMR spectra (1–17). The accuracy of combine
AS NMR/spectral lineshape fitting approaches can be c
arable to that achieved in NMR experiments on orie
ingle crystals (16).
Combined MAS NMR/spectral lineshape fitting strateg

ave their attractions for the obvious reason that polycry
ine powder samples are far more plentiful and much eas
btain than are single crystals, suitable for NMR experime
uch progress has been made recently with regard to
fficiency of numerically exact simulations of MAS NM
pectra (18–23). State-of-the-art numerical simulation meth
ermit full calculation of the MAS NMR spectrum of

solated homonuclear spin-1
2 pair within 1–2 s, using standa

omputing equipment. Such computational efficiencies
nly enable one to employ careful iterative fitting proced

or the extraction of all NMR parameters of an isolated ho
uclear spin-12 pair, but also set the scene to possibly cons
AS NMR spectra of larger isolated homonuclear spin

ems for full analysis by means of iterative lineshape fit
ethods.
The motivation for an extension toward larger spin syst

nder MAS NMR conditions is twofold. First, with regard
,
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79MAS NMR LINESHAPES OF A FOUR-13C-SPIN SYSTEM
ample properties, (i) it is not normally possible or practica
sotopically deplete 100% naturally abundant isotopes such a31P,
nd not all problems posed to MAS NMR involving31P or othe
00% naturally abundant spin-1

2 isotopes represent isolated sp
air circumstances, but rather belong to the category of l

solated, dipolar-coupled homonuclear spin systems; and (ii)
f, e.g.,13C, 15N can be pairwise selectively enriched if need ar
ccasionally it may turn out to be more economical and desi

o carry out NMR work on multiply or fully labeled sample
econd, beyond such aspects of properties and availabil
amples, there is another, basic driving force behind attem
roceed toward larger dipolar-coupled spin systems. Iso
omonuclear spin pairs in the general case will yield only rela

ensor orientations, or otherwise may leave us with a two
mbiguity concerning assignment. In contrast, isolated spin

ems composed of more than two dipolar-coupled spin-1
2 isotopes

old the promise of extracting absolute orientational informa
rom simple MAS NMR spectra, as long as we can significa
etermine magnitudes and orientations of all interaction te

rom iterative lineshape fitting procedures. We may rephrase
tatement in terms of molecular structure as a possibility to
quivocally determine the geometry of a molecular fragmen
ven an entire molecule) from straightforward MAS NMR sp

ra. In the following this option will be explored for a spin syst
omposed of four dipolar-coupled13C spins in a molecule o
nown structure, where, in addition, we have a realistic chan
ack up, check, and question every four-spin-system aspec
erimentally, as well as regarding numerical procedures) b
itional consideration of selectively labeled two-spin subse

he spin system. The compound we have chosen for this stu
he monoammonium salt of maleic acid (Scheme 1) in va
egrees and permutations of13C enrichment. These include t
ompound with13C in natural abundance (1), a sample where C
nd C4 are selectively13C-enriched (1-C1/C4), another sampl
electively13C-enriched at C2 and C3 (1-C2/C3), the fully 13C-
nriched version (1-U13C), and a sample composed of 10 mo
-U13C in 90 mol%1 (1-U13C in 1).

EXPERIMENTAL

Compounds. All samples of monoammonium salts of m
eic acid were obtained from the reaction of commerci
vailable maleic acid anhydrides (natural abundance13C con-

ent, Aldrich Chemicals; C1/413C-labeled, C2/313C-labeled

SCHEME 1. Schematic illustration of the geometry of the planar mal
oiety; angles and distances are drawn to scale according to the single-
-ray structure (26); the numbering scheme C1 to C4 will be maintai

hroughout the text.
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ne equivalent of (NH4)(HCO3) in H2O at ambient condition
n the dark. The monoammonium salts of maleic acid w
solated from the aqueous solutions by slow evaporation o
olventin vacuo.1-U13C in 1 was made by cocrystallization
he two components. All products were obtained in virtu
uantitative yield as colorless polycrystalline powders. Ide
nd purity of all samples were checked by solution-state1H
nd 13C NMR.

NMR experiments. Solution-state1H (v0/2p 5 2500.1
Hz) and 13C (v0/2p 5 2125.8 MHz) NMR spectra (solve
2O) were recorded on a Bruker DRX 500 NMR spectrome

13C MAS NMR spectra were recorded on Bruker MSL 2
SL 300, DSX 400, and DSX 500 NMR spectrometers (

esponding to 13C Larmor frequencies of250.3, 275.5,
100.6, and2125.8 MHz, respectively), using standard d
le-bearing probes and ZrO2 rotors (4 mm diameter). Spinnin

requencies were in the range 0.9–9.0 kHz and were act
ontrolled to within62 Hz using homebuilt equipment.13C
AS NMR spectra of1-U13C used for the extraction of p

ameters from iterative lineshape fitting were obtained
ingle-pulse13C excitation (recycle delay 60 min), as well
ith Hartmann–Hahn cross polarization (CP, recycle delay
nd a range of CP contact times (1–5 ms)). For the pairw

abeled compounds1-C1/C4and1-C2/C3,13C CP/MAS NMR
pectra served as experimental data for iterative lines
tting. 13C MAS NMR spectra run on the MSL 200 and M
00 NMR spectrometers were obtained using on-resonan1H
w decoupling with decoupling field strengths in the ra
0–100 kHz.13C MAS NMR spectra run on the DSX 400 a
SX 500 NMR spectrometers employed the TPPM decoup
cheme (24) and a decoupling field strength of 105 kHz.13C
hemical shielding is given relative to external Si(CH3)4, v iso

CS

3C 5 0.

Definitions and numerical simulations.Shielding notation
25) is used throughout; parameters of all interactionsl (l 5
S, chemical shielding;l 5 D, direct dipolar coupling,l 5
, indirect coupling) are reported according to Haeberl
onvention (26), where the isotropic partv iso

l , the anisotrop
l, and the asymmetry parameterhl are related to the princip
lements of the interaction tensorvl as follows:v iso

l 5 (v xx
l 1

yy
l 1 v zz

l )/3, d l 5 v zz
l 2 v iso

l , andh l 5 (v yy
l 2 v xx

l )/d l with
v zz

l 2 v iso
l u $ uv xx

l 2 v iso
l u $ uv yy

l 2 v iso
l u. For indirect

oupling we havev iso
J 5 pJ iso, and for direct dipolar couplin

D 5 0, v iso
D 5 0, andd ij

D 5 bij 5 2m 0g ig j\/(4pr ij
3), where

i , g j , and r ij denote gyromagnetic ratios and internuc
istances of spinsi and j , respectively. This may not be t
ost popular choice of notation as far as chemical shie

ensor eigenvalues are concerned. However, for cases
hemical shielding is not the only interaction tensor to be ta
nto account, Haeberlen’s notation permits full and consis
escription of all interaction tensors present, including ch

cal shielding.

e
stal
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80 DUSOLD, MAISEL, AND SEBALD
nd C2 with C3, by a mirror plane perpendicular to the
ecular plane. The corresponding relationships of the E
ngles for the two chemical shielding tensors, related by m
lane symmetry, area j

CS 5 2a i
CS, b j

CS 5 p 2 b i
CS, andg j

CS

g i
CS. The same relationship applies for the dipolar coup

ensorsv ij
D wherei , j 5 1, 4 or i , j 5 2, 3: a ij

D 5 2a ji
D, b ij

D

p 2 b ji
D, g j

D 5 g i
D. The crystal frame was chosen to

oincident with the principal axes system of the dipolar in
ction tensorsVPC

D14 5 VPC
D23 5 (0, 0, 0).

All simulation and fitting programs utilized the GAMM
rogramming package (28). g-COMPUTE (20) and carouse
veraging COMPUTE methods (21) were used for numeric
alculation of MAS NMR spectra. Powder averaging invol
etween 232 and 700 anglesaCR andbCR, selected according

he REPULSION (22) or Gaussian spherical quadrature (23)
chemes. Typical times required for calculation of a si
AS NMR spectrum for a spin pair were between 1 and
nd between 1 and 3 min for four-spin systems, using e
ilicon Graphics Origin 200 workstations or PCs runn
inux. The Migrad method from the MINUIT optimizatio
ackage (29) was used for error minimization ofe2 5 1/N
i51
N (Sexp(v i) 2 Scalc(v i))

2, where max(Sexp(v i)) 5 1; the
ATLAB ( 30) program was used for calculating contour p
nd error scans.

RESULTS AND DISCUSSION

First, we briefly introduce the basic description of the s
ynamics of the one-, two-, and four-13C-spin systems in1,
-C1/C4, 1-C2/C3,and1-U13C under MAS conditions. Nex
e follow a step-by-step procedure to reduce the numb
nknown tensor parameters. Once all parameters of the

13C-spin system in1-U13C are determined from this stepw
rocedure (including the use of, e.g., selectively pairwise13C-

abeled samples), we will discuss the reliability, accuracy,
ompleteness of information one might expect from itera
ineshape fitting in a situation where1 and1-U13C are the only
vailable samples.

umerical Simulations and Iterative Fitting

The Hamiltonian for a homonuclearn-spin composed o
pin-12 isotopes and subjected to MAS may be written as

H~t! 5 O
i51

n

v i
CS~t!Siz 1 O

i51

n O
j.i

n

v ij
D~t!

3 FSizSjz 2
1

2
~Si1Sj2 1 Si2Sj1!G

1 O
i51

n O
j.i

n

v ij
JSiSj. [1]
-
er
or

g

-

e
,

er

n

of
ur-

d
e

n our simulations. For homonuclear13C spin systems th
ppears a reasonable approximation, given the far domin
ature of chemical shielding and dipolar coupling interact

n such spin systems. The time dependence of each o
nisotropic interactions may be expressed in terms of a Fo
eries

v l~t! 5 O
m522

2

v m
l exp~imv rt!, [2]

herevr is the spinning frequency in angular units and
oefficients take the form

v m
l 5 v iso

l dm0 1 d lHD 0,2m
2 ~V PR

l ! 2
h l

Î6
@D 22,2m

2 ~V PR
l !

1 D 2,2m
2 ~V PR

l !#Jd2m,0
2 ~bRL!. [3]

m,m9
2 (V IJ) 5 exp(2ia IJm)dm,m9

2 (b IJ)exp(2ig IJm9) is an ele
ent of the Wigner rotation matrix describing transforma

rom an axes systemI to an axes systemJ related by the Eule
nglesV IJ 5 (a IJ, b IJ, g IJ), where I and J represent th
rincipal axes system (P) of the interaction, the crystal
ystem (C), the rotor axes system (R), or the laboratory
ystem (L).
The suitable range of MAS frequencies to determine o

ational parameters from MAS NMR spectra depends on
hoice of external magnetic field strength and, more im
antly, on the differences in isotropic chemical shieldingsv iso

D

resent in the spin system. Whenv iso
D is a small integer multipl

f the spinning frequency the so-called rotational reson
ondition (v iso

D 5 nv r, n 5 1, 2, . . .) is fulfilled. At thes
pecific MAS frequencies, MAS NMR spectra sensitively
ect magnitudesand orientations of the anisotropic intera
ions (1–7). A special case of rotational resonance condi
xists for spin pairs withv iso

D 5 0: here the so-calledn 5 0
otational resonance condition is maintained at all spin
requencies.

An important requirement for the applicability of iterat
ineshape fitting methods is the availability of fast comp
ional methods. Speed of computation without sacrificing
uracy becomes increasingly important the larger the
ystems are. Already for our four-13C-spin system a relative
arge Hilbert-space dimension causes relatively slow nume

atrix manipulation steps, in addition to a large number o
arameters requiring a large number of iterative steps to
onvergence of the fitting procedure. The COMPUTE
roach (18), or improved versions thereof (19–21), provides a
articularly suitable way of performing this simulation task
mall- to medium-sized spin systems. Especially those m
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ds (19–21) which permit direct computation ofgCR-averaged
pectra reduce the necessary amount of computing tim
bout an order of magnitude as compared to the ori
pproach (18). Another general major computation-time sa

s the choice of smart powder-averaging methods (22, 23).
urther reductions in computation time by reducing the num
f parameters can be achieved by a rigorous exploitation o
ymmetry properties of a given spin system.

reliminary Elimination of Some Unknowns

The single-crystal X-ray structure of1 (27) shows that1
rystallizes in space groupPbcm.In this structure the malea
nion is a planar moiety, located on a special crystallogra
osition such that the O. . . H . . . O hydrogen atom (se
cheme 1) resides on a mirror plane, perpendicular to
olecular plane and bisecting the C2AC3 double bond. Th

rystal structure of1 provides all interatomic C–C distanc
nd bond angles in the maleate unit (C1–C2, 149.0 pm; C2
32.9 pm;/C1–C2–C3, 130.8°), from which we may calc

ate the corresponding dipolar coupling constantsbij as well as
ll Euler anglesa ij

D, b ij
D, andg ij

D. We can use these values
alculated from the X-ray crystal structure as known and fi
nput parameters for spectral lineshape fitting of MAS N
pectra. Additionally, we may wish to perform iterative
here these are free fit parameters, and only in the end
are the best-fit parameters with the values calculated from
-ray crystal structure.

13C MAS NMR spectra of1 (where13C is in natural abun
ance) are in agreement with the molecular symmetry a

ermined by single-crystal X-ray diffraction. One13C reso-
ance for C1/4 (v iso

CS 5 2172.3 ppm) and one for C2/3 (v iso
CS 5

137.2 ppm) are observed. There are no further direct
egarding the structure and geometry of the maleate unit
etrieved from13C MAS NMR spectra of1, with 13C in low
atural abundance. However,13C MAS NMR spectra of1
rovide magnitudes and asymmetry parameters of the13C
hemical shielding tensors for C1/4 and C2/3 (see Table 1
arious subsequent iterative lineshape fitting steps, aga
an either use these data from13C MAS NMR spectra of1 as
xed input parameters, or for purposes of checking if we w
ave determined the correct chemical shielding tensor e

C NMR Parameters of 1-U C, Single-Spin Interac
on 1, 1-C1/C4, 1-

v iso
CS [ppm] dCS [ppm] hCS

3C1a 2172.3 267.7 1.0
3C2a 2137.2 287.9 0.8

a C1–C4 and C2–C3, respectively, are related by mirror plane symme
xperimental.
by
al
r

er
he

ic

he

3,

d

m-
he

e-

es
be
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we

d
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alues from iterative fitting of13C MAS NMR spectra of, e.g
-C2/C3 or 1-C1/C4 with dCS andhCS as free fit parameters
Solution-state13C NMR spectra of1-U13C, under condition

f 1H decoupling, represent a13C AA9XX 9 spin system (in th
olution-state NMR sense of denoting the type of a spin
em, that is, according to theJ-coupling paths in the sp
ystem) and allow an independent determination of signs
agnitudes ofJ-coupling constantsJ iso

AA 9, J iso
XX 9, J iso

AX,A 9X9, and
iso
AX 9,A9X (see Table 2). In subsequent iterative fitting of13C MAS
MR spectra of1-C2/C3, 1-C1/C4,and 1-U13C, the J-cou-
ling data from solution-state NMR served as fixed in
arameters, equivalent to the assumption that the varioJ-
oupling constantsnJ(13C, 13C) in the maleate unit in the sol
tate are similar to those in solution. Owing to their sm
agnitudes, especially the long-rangeJ-coupling constant

3J( 13C1, 13C4), 2J( 13C1, 13C3), 2J( 13C2, 13C4)) appear o
inor importance with regard to lineshape simulations of13C
AS NMR spectra anyway. If any, then the one-bondJ-

oupling constants (1J( 13C1, 13C2), 1J( 13C2, 13C3)) in the13C
AS NMR spectra of1-C2/C3 and 1-U13C may have to b

evisited later on.
If, on proceeding to the selectively labeled samples1-C2/C3

nd1-C1/C4,we were to use all of the information from X-r
iffraction, solution-state NMR, and13C MAS NMR of 1 as
xed parameters, at this stage we would be left with the ta
etermining six unknown parameters, that is, the six E
nglesa i

CS, b i
CS, andg i

CS (i 5 1, 2), for a complete descriptio
f the four-13C-spin system in1-U13C.

ns; Best-Fit Results of C MAS NMR Experiments
/C3, and 1-U13C

aCS [degree] bCS [degree] gCS [degree]

90°6 5° 67°6 4° 10°6 10°
90°6 6° 83°6 2° 185°6 10°

for corresponding relationships of the13C chemical shielding tensor parameters

TABLE 2
13C NMR Parameters of 1-U13C, Two-Spin Interactions

J iso [Hz] a bij /2p [Hz] b bD [degree]b gD [degree]b

3C1–13C2 163 22296 49.2 0
3C1–13C3 11 2450 26.1 0
3C1–13C4 64 2216 0 0
3C2–13C3 167 23235 0 0
3C2–13C4 11 2450 153.9 0
3C3–13C4 163 22296 130.8 0

a Determined from solution-state13C NMR of 1-U13C.
b Calculated from the single-crystal structure of1 and takingVPC

D14 5 VPC
D23

(0, 0, 0).
tio
C2

try;
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82 DUSOLD, MAISEL, AND SEBALD
he 13C Spin Pairs in1-C2/C3 and 1-C1/C4

The CAC carbon sites C2 and C3 in1 are crystallograph
ally equivalent and related by mirror plane symmetry.
orresponding directly bonded pair of13C isotopes in1-C2/C3
s characterized by a fairly large dipolar coupling cons

23/ 2p 5 23235 Hz(corresponding to an internuclear13C–
13C distance of 132.9 pm), a sizable anisotropyd i

CS 5 287.9
pm of the 13C chemical shielding tensors, an asymm
arameterh i

CS 5 0.8 (i 5 2, 3), and the so-calledn 5 0
otational resonance (5–8) condition fulfilled in 13C MAS
MR spectra at arbitrary MAS frequencies. We find that o
wide range of MAS frequencies and external magnetic

trengths, experimental13C MAS NMR spectra of1-C2/C3
isplay spectral lineshapes suitable for investigation by i

ive lineshape fitting. Figure 1 compares an experimenta13C
AS NMR spectrum of1-C2/C3 to the simulated spectrum

orresponding to the best-fit parameters (see Table 1), de
trating good overall agreement. The iterative fitting pro
ures yield a well-defined minimum region for the pair o
arametersa2

CS and b2
CS (see contour plot, Fig. 2a), while f

easons of mirror plane symmetryg2
CS cannot be determine

rom 13C MAS NMR spectra of1-C2/C3.All fit parameters ar
ensitive parameters as is revealed by scans for individu
arameters. For instance, the minimum region in theb23 scan
Fig. 2b) implies that we would have determined the cor
nternuclear distance13C2–13C3 with good precision also with
ut knowing the C2–C3 distance from the single-crystal X
tructure. Possibilities and limitations regarding the dete

FIG. 1. Experimental (top) and simulated (bottom; best-fit paramete
-C2/C3.
e

t

y

r
ld

a-

on-
-

fit

t

y
i-

ation of internuclear distances by iterative fitting ofn 5 0
otational resonance spectra of isolated homonuclear spin
re discussed elsewhere in more detail (16, 17). Iterative fits of

13C MAS NMR spectra of1-C2/C3 define the value o
1J iso(

13C2, 13C3) 5 165 6 15 Hz, with a relatively larg
ncertainty, though in general agreement with the v

1J iso(
13C2, 13C3) 5 167 Hz determined by13C solution-stat

MR. This justifies our previous assumption that solution-s
MR-derived J-coupling constants may be taken as kno

nput parameters for iterative fitting of13C MAS NMR spectra
nd it demonstrates that nothing would be gained from kee

he various isotropicJ-coupling constants as free fit param
ers, at least not for13C MAS NMR spectra of the malea
oiety. The properties of the13C spin pair in1-C2/C3provide

avorable circumstances for the extraction of orientationa
ameters and/or internuclear distances by iterative lines
tting: there are substantial changes of the13C spectral line
hapes as a function of the external experimental param
armor and MAS frequency, and there are quite characte
nd substantial changes of the spectral lineshapes as a fu
f a2

CS andb2
CS. And yet, in order to avoid local minima, ev

or a favorable case such as1-C2/C3, it is important to rely on
everal (in particular, several Larmor frequencies) experim
al MAS NMR spectra as the basis for the iterative fitt
rocedure.
Also the two CAO carbon sites C1, C4 in1 are mutually

elated by mirror plane symmetry. MAS NMR spectra of
13C spin pair in1-C1/C4 bear some similarities to the13C2–

see Table 1)13C MAS NMR spectra (v0/2p 5 275.5 MHz;vr/2p 5 2146 Hz) of
rs,
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83MAS NMR LINESHAPES OF A FOUR-13C-SPIN SYSTEM
13C3 case in1-C2/C3 (again, n 5 0 rotational resonanc
ondition fulfilled, sizable anisotropy of the13C chemica
hielding tensorsd i

CS 5 267.7 ppmwith an asymmetry pa
ameterh i

CS 5 1.0 (i 5 1, 4)), aswell as some dissimilaritie
a much smaller dipolar coupling constantb14/ 2p 5 2216
z, corresponding to an internuclear C1–C4 distance of 3
m, and a very smallJ-coupling constantu 3J iso(

13C1, 13C4)u 5
Hz, according to solution-state13C NMR). Given the sma

alueb14/ 2p 5 2216 Hz, not unexpectedly, line-broaden
nd splitting effects are less characteristic and spectral
hape changes as a function of external experimental pa
ers in13C MAS NMR spectra of1-C1/C4are less distinct tha
hose for1-C2/C3.Despite these less favorable circumstan
here are some characteristic spectral lineshape features

13C MAS NMR spectra of1-C1/C4. Figure 3 compares a
xperimental to the corresponding best-fit simulated13C MAS
MR spectrum of1-C1/C4.The sensitivity of the fit param

ersa1
CS andb1

CS is considerably less than that for the13C spin
air in 1-C2/C3(see Fig. 2a for comparison). It becomes m

mportant to engage a larger number of different experime
13C MAS NMR spectra of1-C1/C4 in the iterative lineshap
tting procedure. Figure 4a depicts contour plots of the e
lanes for the two fit parametersa1

CS and b1
CS as determine

rom three different13C MAS NMR spectra of1-C1/C4 (Fig.
a, (i)–(iii)), as well as the unweighted sum of these th
ontour plots (Fig. 4a, (iv)). According to these contour pl
1
CS 5 90° 6 5° is reasonably well defined, despite limi
ensitivity. The situation forb1

CS is less clear: while contou
lots (ii) and (iii) leave some ambiguity, that is, two minim
egions nearb1

CS 5 55° andb1
CS 5 75°, contour plots (i) an

iv) tend to indicate preference for the minimum region n
1
CS 5 75°. Neither choosing the minimum region nearb1

CS 5

FIG. 2. (a) Contour plot of the error plane, calculated for pair of fit p
nd contours are drawn at integer multiples of the minimum value; (b)
-C2/C3 obtained atv0/2p 5 275.5 MHz andvr/2p 5 2146 Hz as shown
.6

e-
e-

s,
o in

e
al

r

e
,

r

5° as the final solution nor settling the issue by accepti
road minimum regionb1

CS 5 65° 6 15° is a particularly
atisfying solution, given the limited sensitivity of these
wing to the small dipolar coupling constantb14/ 2p 5 2216
z, little can be done about this remaining uncertainty forb1

CS

rom consideration of13C MAS NMR spectra of1-C1/C4
lone. For the moment we may leave the question open
ill return to theb1

CS issue when discussing13C MAS NMR
pectra of1-U13C: the presence of a sizable dipolar coup
onstantb12/ 2p 5 22296 Hz in thefully 13C-enriched mal
ate moiety provides another option for determiningb1

CS. The
can shown in Fig. 4b characterizesb14, despite its sma
agnitude, as a sensitive fit parameter which would h
rovided the correct internuclear C1–C4 distance also in
bsence of single-crystal X-ray diffraction information. T

13C spin pair in1-C1/C4 obviously represents a case close
he upper limit of tolerable internuclear carbon–carbon
ances (here, 327.6 pm) when aiming at the determinatio

13C chemical shielding tensor orientations from spectral
hapes ofn 5 0 rotational resonance13C MAS NMR spectra
The n 5 0 rotational resonance condition encountered

ach of the two selectively13C-enriched spin-pair sampl
-C2/C3and1-C1/C4 is a rather special and favorable con

ion with regard to spectral lineshape simulations. For then 5
rotational resonance condition we can ignore the1H-decou-

ling performance to a certain extent, since both sites invo
re equally affected by good (or poor) decoupling per
ance. As long as the (“relative”) heteronuclear decoup
erformance is good enough to grant sufficient sensitivit

he iterative fitting procedures for all parameters of the res
ive homonuclear13C spin pair (other than line broadening),
o not have to worry too much about the “absolute”1H-

metersa2
CS andb2

CS; the arrows indicate the (symmetry-related) minimum regi
r scan for fit parameterb23. Calculations are based on13C MAS NMR spectra o
Fig. 1.
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84 DUSOLD, MAISEL, AND SEBALD
ecoupling performance. Figures 1–4 illustrate that a regim
ufficiently good1H-decoupling performance is reached for
5 0 rotational resonance condition in the selectively13C-

nriched samples1-C2/C3 and1-C1/C4 with cw 1H on-reso
ance decoupling fields of about 85 kHz at modest exte
agnetic field strengthsB0 5 4.7 T andB0 5 7.0 T. Apart

FIG. 3. Experimental (top) and simulated (bottom; best-fit paramete
-C1/C4.

FIG. 4. (a) Contour plots of error planes for the two fit parametersa1
CS an

nweighted sum of these three contour plots (iv); only contour levels at t
alculations are based on13C MAS NMR spectra of1-C1/C4obtained atv0/2
z (a(ii)), v0/2p 5 250.3 MHz; vr/2p 5 881 (a(iii)), andv0/2p 5 250.3
of

al

rom a so far remaining ambiguity forb1
CS, all fit parameters fo

he 13C spin pairs in1-C2/C3 and1-C1/C4,a i
CS, b i

CS, as well
sbij , are sensitive fit parameters. The fairly silent role of

1H spins as a generally welcome, time-saving source o
ervable13C magnetization by way of Hartmann–Hahn cr
olarization, but as an otherwise negligible quantity du

see Table 1)13C MAS NMR spectra (v0/2p 5 250.3 MHz; vr/2p 5 881 Hz) of

1
CS from three different13C MAS NMR spectra of1-C1/C4 ((i)–(iii)) and the

e and three times the minimum value are drawn; (b) error scan for fit parer b14.
275.5 MHz;vr/2p 5 2099 Hz (a(i)),v0/2p 5 275.5 MHz;vr/2p 5 1163

z; vr/2p 5 881 Hz (b).
rs,
db
wic
p 5
MH
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85MAS NMR LINESHAPES OF A FOUR-13C-SPIN SYSTEM
cquisition of the13C free induction decay by way of1H
ecoupling, changes as soon as we step away from then 5 0
otational resonance condition. Moving on from the pairw
electively13C-enriched samples1-C2/C3and1-C1/C4 to the
our-13C-spin system in1-U13C includes the step fromn 5 0
o n 5 1, 2 rotational resonance conditions. Apart from so
emaining ambiguity concerningb1

CS, at this stage only tw
arameters, that is, the Euler anglesg i

CS (i 5 1, 2), remain to
e determined.

he Four-13C-Spin System in1-U13C

An isotropic 13C chemical shielding difference of 35.1 pp
etween the13C1/4 and13C2/3 resonances renders13C MAS
MR spectra of1-U13C, obtained atarbitrary MAS frequen-
ies, unsuitable for determining the remaining unknown
ametersg i

CS (i 5 1, 2). However, this 35.1 ppm differen
akesn 5 1, 2 rotational resonance (1–7) conditions (wher
iso
D 5 nv r and n is a small integer) for these two pairs

esonances accessible over a fairly large range of ext
agnetic field strengths. Relatively large chemical shiel
nisotropiesd i

CS (i 5 1–4) and then 5 0 rotational resonanc
ondition for the 13C1/4 and 13C2/3 pairs maintained at a
AS frequencies provide good starting conditions for fur
xploitation ofn 5 1, 2 rotational resonance lineshapes in13C
AS NMR spectra of1-U13C in order to establish the so f

FIG. 5. (a, b, d) Experimental13C MAS NMR spectra (v0/2p 5 2125.8
P excitation, at then 5 2 rotational resonance condition for the13C1/4 and

otational resonance condition,vr/2p 5 4425 Hz (d); (c) the corresponding
imulatedn 5 1 rotational resonance spectrum.
e

e

-

al
g

r

issing links between the13C1/4 and13C2/3 subsets of the sp
ystem.
In order to avoid yet another fit parameter, that is,

elative intensities of the13C1/4 and13C2/3 resonances, o
ay wish to choose13C single-pulse excitation rather th

ross polarization (CP) to recordn 5 1, 2 rotational resonanc
13C MAS NMR spectra of1-U13C. Of course, single-pulse (S
xcitation is not a particularly realistic approach for co
ounds other than model compounds such as1-U13C, it merely
ffers convenience of computation. There is no fundam
eason to avoid CP where CP is possible and desirabl
xperimental (signal-to-noise) reasons, except that CP-b
pectral lineshapes require an additional fit parameter, “rel
ntensities.” We have used both CP and SP excitation to re
xperimental13C MAS NMR spectra of1-U13C and find no
egative side effects of CP-generated experimental spec

he iterative fitting procedures. Figures 5a, 5b, and 5d dis
hree experimental13C MAS NMR spectra (Larmor frequen

0/2p 5 2125.8 MHz) of 1-U13C, one obtained at hig
pinning frequency (Fig. 5a,vr/2p 5 8776 Hz), one obtaine
t then 5 2 rotational resonance condition for the13C1/4 and

13C2/3 resonances (Fig. 5b,vr/2p 5 2212 Hz), and one ob
ained at then 5 1 rotational resonance condition (Fig.

r/2p 5 4425 Hz). In Figs. 5c and 5e we show the corresp
ng best-fit simulatedn 5 2, 1 rotational resonance13C MAS

z; TPPM decoupling (23)) of 1-U13C, obtained atvr/2p 5 8776 Hz (a), with
2/3 resonances,vr/2p 5 2212 Hz (b), and with SP excitation, at then 5 1
t-fit (see Table 1) simulatedn 5 2 rotational resonance spectrum; (e) the be
MH
13C
bes



N m-
p ule
a cis
d
r
c
a e-
m
4 f th

to
e a
t il-
a

an
p tin
a p
i n
o -
p lay
s oo
s n t
t c-
t le,
1 clu
s rro
w b
s e
d ling
i l
r g i
f of
s oli

m iter-
a e
M lf. A
b rfect
i
p han
i ly ob-
s nce
a om-
a ntial
t ct
d ate
s but
w ts by
t ntal
c nal
r
c gths
a ent
a cen-
t
p u-
p l
m ield
u
N ling
s d
y tral
l
c tion.
A ed
w 5

d the
a that for
r

86 DUSOLD, MAISEL, AND SEBALD
MR spectra for1-U13C. Figures 5c and 5e seemingly co
lete our task to determine the two remaining unknown E
nglesg i

CS (i 5 1, 2) as well as to reconsider a more pre
etermination ofb1

CS than was possible to derive fromn 5 0
otational resonance13C MAS NMR spectra of1-C1/C4. A
ontour plot of the error planes for the two fit parametersg1

CS

ndg2
CS (Fig. 6a) and ab1

CS scan (Fig. 6b) confirm this stat
ent:g1

CS 5 10° 6 10°, g2
CS 5 185°6 10°, andb1

CS 5 67° 6
° are well defined. At this stage, basically all parameters o

13C spin system in1-U13C are known, which enables us
xamine next if and how well we could have determined

hese parameters, had only the four-13C-spin system been ava
ble.
Before doing so, we need to address possible pitfalls

otentially problematic steps in the iterative lineshape fit
pproach. The first point of concern is actually the sam

tself, as we have used the fully13C-labeled, nondilute versio
f monoammonium maleate,1-U13C. For this particular com
ound one can afford this choice of sample: the alternate
tructure of solid monoammonium maleate results in g
patial separation between neighbored maleate units i
hree-dimensional structure (27). From a comparison of spe
ral lineshapes for1-U13C and for a dilute, 10% labeled samp
-U13C in 1 (spectra not shown), we have come to the con
ion that for this particular compound more severe e
ould be introduced into the lineshape fitting procedure
ubtracting the natural abundance13C background from th
ilute sample than by ignoring intermolecular dipolar coup

n the fully 13C-labeled sample1-U13C. This is not a genera
ecommendation to ignore intermolecular dipolar couplin
ully 13C-labeled samples; here we just take advantage
pecial (and rather convenient) structural property of s

FIG. 6. (a) Contour plot of the error plane for the two fit parametersg1
CS

rrow indicates the minimum region; (b) error scan for fit parameterb1
CS. Cal

easons of symmetry the minimum region in the contour plot in (a) app
r
e

e

ll

d
g
le

er
d
he

-
rs
y

n
a

d

onoammonium maleate. Another point of concern with
tive lineshape fitting approaches to rotational resonanc13C
AS NMR spectra relates to the simulation procedure itse
asic underlying assumption made (see Eq. [1]) is pe

solation of the13C spin system from surrounding1H spins. In
ractice, the1H-decoupling performance may be less t

deal. Indeed, anomalous lineshapes have been repeated
erved for isolated13C spin pairs under rotational resona
nd cw1H-decoupling conditions. Very recently, these an
lous lineshapes have been explained in terms of differe

ransverse relaxation, brought about by less than perfe1H
ecoupling (31). One may not be able to completely elimin
uch 1H-decoupling problems from experimental spectra,
e can considerably lessen unwanted lineshape artifac

aking a few precautions when choosing our experime
onditions. Theory predicts (i) increasingly disturbed rotatio
esonance13C spectral lineshapes from nonperfect1H cw de-
oupling to occur at higher external magnetic field stren
nd/or higher MAS frequencies, and (ii) the most promin
nomalous/additional lineshape features to appear in the

erband spectral region of the nonprotonated13C site (31). In
ractice we find that cw1H decoupling (up to 100 kHz deco
ling field) performs unsatisfactorily for1-U13C at all externa
agnetic field strengths used (4.7 to 11.7 T) and fails to y
ndisturbed experimentaln 5 1, 2 rotational resonance13C
MR lineshapes. Improved heteronuclear decoup
chemes, such as TPPM (24), turn out to perform well an
ield reliable 13C n 5 1, 2 rotational resonance spec
ineshapes for1-U13C even at B0 5 11.7 T. With these
onsiderations in mind we return to Fig. 5 for closer inspec
ll experimental 13C spectra shown in Fig. 5 were obtain
ith TPPM (24) decoupling and a1H-decoupling field of 10

dg2
CS; contours are drawn at integer multiples of the minimum value an

tions are based on the experimental spectrum shown in Fig. 5b. Note
s twice as large as is physically meaningful.
an
cula
ear
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87MAS NMR LINESHAPES OF A FOUR-13C-SPIN SYSTEM
Hz. Under these experimental conditions we find exce
greement between experimental and best-fit simulatedn 5 2
otational resonance spectral lineshapes (see Figs. 5b a
nd close to excellent agreement for then 5 1 rotationa
esonance condition (see Figs. 5d and 5e). In accordance
heoretical predictions (31) a very minor additional spectra
eature occurs in then 5 1 experimental rotational resonan
pectrum of1-U13C in the middle of the centerband region
he 13C1/4 resonance, while there is virtually no differe
etween best-fit simulated and experimental lineshapes
5 2 rotational resonance spectra of1-U13C. Fitting these

xperimentaln 5 2 or n 5 1 rotational resonance13C (v0/
p 5 2125.8 MHz) data, as well asn 5 1 rotational reso
ance13C spectra of1-U13C obtained atv0/2p 5 2100.6 MHz
ith TPPM decoupling (spectra not shown), independe
onverges to identical best-fit parameters (see Table 1).
After this excursion to identify and address potential sou

f difficulties, we return to the complete, best-fit set of par
ters of the13C spin system in1-U13C (see Table 1), an

nspect how these parameters relate to the molecular geo
f the maleate anion and to known single-crystal13C NMR data
f related compounds. The (best-fit) orientations of the13C
hemical shielding tensors in the maleate moiety are illust
n Fig. 7. The most shielded (here,v xx) components of both th

5 (C2/3) and CAO (C1/4) 13C chemical shielding tenso
re nearly perpendicular to the molecular plane. For C2/3

ntermediate13C chemical shielding tensor component is
nted at an angle of 23° to the direction of the C2AC3 bond
hile the least shielded component is oriented at an ang
8° to the C–H bond direction. For C1/4 the intermediate13C
hemical shielding tensor components are oriented nea
AO bond directions (at an angle of 11°) and the l
hielded components deviate by 20° from the C1–C2 or C3
ond directions, respectively. These orientational param

or the maleate moiety are in very good general agreemen

FIG. 7. Schematic illustration of the13C chemical shielding tensor orie
ations in the molecular frame of the maleate moiety. Shown is the proje
f thev yy andv zz components of the13C1/4 and13C2/3 shielding tensors on

he molecular plane. The most shielded componentsv xx of both tensors ar
riented nearly perpendicular (g1

CS 5 10° 6 10°, g2
CS 5 185° 6 10°) to the

olecular plane.
t

5c)

ith

he

ly

s
-
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d

e

of

he
t
4
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ith

rystals of related compounds such as maleic anhydride32),
alonic acid (33), dimedone (34), tetraacetylethane (35), and
eldrum’s acid (36). In common with our results, these sing

rystal 13C NMR studies reveal trends in13C chemical shield
ng tensor orientations in the molecular frame, more or
ear major chemical bond directions, including trends in d
tions from these bond directions: it occurs very rarely tha13C
hemical shielding tensor components and bond direction
recisely collinear. Such orientational deviations from the

or molecular chemical bond directions may appear to b
inor importance and, in fact, have led to the widespread
nd concept of “typical” 13C shielding tensor orientatio
here coincidence rather than vicinity of molecular bond

ections and chemical shielding tensor components is assu
or instance, when aiming at the determination of molec
onformation based on assumed typical13C chemical shieldin
ensor orientations, this may easily account for uncertainti
0°, or even more, in estimations of molecular conformati
arameters. The pronounced influence of relatively smal
iations of the13C chemical shielding tensor orientations fr
ypical orientations for the maleate moiety (typical orientat

13C2/3,v yy taken as collinear with the C2AC3 bond direction
nd 13C1/4, v yy taken as collinear with the C1/4AO bond
irection) on lineshapes of13C MAS NMR spectra of1-U13C

s illustrated in Fig. 8: there are major lineshape discrepan
etween the experimentally observed and the simulated

rum when assuming these typical orientations. Such dis
ncies, when operating in the “typical-orientation-assump
ode,” may lead to much reduced sensitivity of various k
f simulation and fit procedures and may result in inaccura
ven wrong parameters in a much more general contex
ill return to this aspect below.
Finally, we will now assume that only the four-13C-spin

ystem1-U13C is available and will examine two limitin
odel situations in more detail. For the first model situation
ssume known carbon–carbon distances and bond angle
ll 13C chemical shielding tensor orientations in the molecu
e determined simultaneously. From a molecular struc
oint of view, this task could be described as equivalen
etermining molecular conformation from chemical shield

ensor orientations. Our second model situation will exam
ow well all intramolecular dipolar coupling constantsbij

ould have been determined simultaneously when using
erent chemical shielding tensor orientations as fixed par
ers in the fitting procedure. In terms of molecular struct
his situation corresponds to deriving the geometry of a
cule or molecular fragment, i.e., internuclear distances
ond angles, from dipolar coupling tensors.
Our first model situation takes the best-fit parameter

xed input, except that the chemical shielding tensor orie
ions are initially chosen to correspond to the typical orie
ions (see simulated spectrum in Fig. 8) and all six an
efining the orientation of the chemical shielding tensor

n
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88 DUSOLD, MAISEL, AND SEBALD
-U13C are free fit parameters. Using the experimentaln 5 2
otational resonance spectrum of1-U13C shown in Fig. 8, thi
ultiparameter fit smoothly converges to yield chem

hielding tensor orientations identical to those we had p
usly determined in a stepwise manner, with two- and th
arameter fits at a time, by taking advantage of the pair

13C-labeled samples1-C1/C4 and1-C2/C3 upon approachin
he four-13C-spin system in1-U13C. In other words, this mode
ituation would have provided very accurate information
olecular conformational parameters.
Our second model situation essentially probes how a

ately we would have determined bond lengths and
eometry of the maleate moiety from multiparameter fit
otational resonance spectra of1-U13C when using differen
xed 13C chemical shielding tensor orientations wh
earching for the valuesbij . First, we examine a situatio
here the fixed input parameters are the best-fit va

including the correct orientation of the13C chemical shield
ng tensors), except that the initial values of all dipo
oupling constantsbij are deliberately misadjusted such t
he corresponding internuclear distances are wrong by
nd all valuesbij are free fit parameters. The result of t

terative fit is quantitative agreement of all internucl
istances C1–C2 and C2–C3 (within less than 1%)
1–C3 and C1–C4 (within less than 4%) with the inter
lear distances determined by single-crystal X-ray diff
ion. Next, we repeat this iterative-fit scenario with allbij as
ree fit parameters and an identicalbij misadjustment a

FIG. 8. Experimental (top) and simulated (bottom)13C MAS NMR spectr
b. The simulated spectrum employs all best-fit parameters from Table
v yy

2,3 collinear with the C2AC3 bond direction;v yy
1,4 collinear with the C1/

elatively minor changes in chemical shielding tensor orientations resul
l
i-
e-
e

n

u-
e
f

s

r
t
%,

r
d
-
-

nitial input. However, this time we fix the orientation of t
our 13C chemical shielding tensors to the above-mentio
ypical orientations. Note that for the maleate moiety
-U13C this requires only a minor change in chemi
hielding tensor orientations. The best-fit result from
ypical orientations scenario is dramatically inaccurate
ernuclear distances. For instance, the best-fit results
ver-estimate the C1–C4 internuclear distance by a
0%, and the C1–C2 and C1–C3 distances are wron
bout 10 –15%:

Distances [pm]: C1–C2 C1–C3 C1–C4 C2–

rom X-ray
diffraction 149.0 256.4 327.6 132.

rom “typical
orientations” fit 158.9 289.9 475.5 123

rom “correct
orientations” fit 148.3 265.5 340.4 134

f course, for1-U13C we know that the C2–C3 double bond
n acisconfiguration. For a more realistic application situat
he overestimated C1–C4 distance from the typical orient
t result would probably have caused a complete misinte
ation of the molecular structure as atransconfiguration at th
AC bond. In contrast to this typical orientation scena

terative fits employing the correct13C chemical shieldin
ensor orientations deliver carbon–carbon bond distances
he four-13C-spin system in1-U13C in good agreement with th
alues determined by single-crystal X-ray diffraction.

f1-U13C. The experimental spectrum is identical to the spectrum shown in
xcept thata i

CS, b i
CS, andg i

CS have been adjusted according to a “typical” orienta
bond direction;v xx

ij perpendicular to the molecular plane). Note that th
major discrepancies between experimental and simulated spectral lineshapes.
a o
1, e
4AO
t in
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89MAS NMR LINESHAPES OF A FOUR-13C-SPIN SYSTEM
Our study of1-U13C demonstrates that efficient and num
cally exact lineshape simulation methods can handle a
ystem composed of four dipolar-coupled spin-1

2 nuclei unde
AS conditions in a reliable and accurate manner, prov

hat chemical shielding tensor orientations are properly t
nto account and optimized1H-decoupling techniques (whe
pplicable) are employed. The exploitation of various r

ional resonance conditions in MAS NMR studies of hom
uclear spin systems, as we have employed here for the
f the four-13C-spin system in1-U13C, is only one of man
xperimental circumstances where this is relevant. Being

o “afford” to include magnitudes and orientations ofall inter-
ction tensors within ann-spin system also forn . 2 in
imulations is important for the careful analysis of experim
al MAS NMR data from a large variety of homo- and hete
uclear dipolar recoupling techniques (5, 6).
In addition, the four-13C-spin system in1-U13C illustrates

he dangers of using “typical” chemical shielding tensor
ameters when aiming at the determination of internuc
istances from, e.g.,13C rotational resonance NMR expe
ents. Our results show that assuming chemical shie

ensor orientations with only limited accuracy, within ab
0° of the true orientation, leads to unacceptable erro

nternuclear distances derived from MAS NMR experime
ince contemporary trends in MAS NMR include the us

ncreasingly higher external magnetic field strengths, chem
hielding tensor parameters will play an increasingly impo
ole. Accordingly, magnitudes as well as orientations of ch
cal shielding tensors need to be more actively considere
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