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Applications of pulsed nuclear magnetic resonance to
chemistry: Multiple-pulse NMR, cross polarization,

magic-angle spinning and instrumental design
Paul DuBois Murphy

Under the supervision of Bernard C. Gerstein
From the Department of Chemistry
-fowa State University

Pulsed Nuclear Magnetic Resonance (NMR) has been applied to:

1) Measurements of the principal components of the proton
shielding tensors of the hydrides of zirconium chloride and
zirconium bromide. Multiple-Pulse techniques have been used to
remove static homonuclear dipolar coupling. The anisotropie§
and isotropic shifts of these tensors have been used to infer the
possible locations of the hydrogen within the sandwich-1like
layers of these unusual compounds.

2) Studies of the oscillatory transfer of magnetic polarization
between H and ?9Si in substituted Silanes. The technique 6f
J Cross Polarézation has been used to enhance sensitivity. The
2957 NMR shifts of fSi-O- model comboqnds have bgen investigated
as a possible probe for future ;tudies of the environmgnt of
bnuad oxygen in coal-derived liquids. |

| 3) Measurements of the aromatic fraction of 13C in whole coals.

The techniques of lH-13C Cross Polarization and Magic-Angle Sp{nning

have been used to enhance sensitivity and remove shift anisotropy.



Additional topics described are:

4) Calculation and properties of the broadened lineshape
of the shielding Powder Pattern.

5) Calculation of the oscillatory transfer of magnetic
polarization for an 1-S system.

6) Numerical convolution and its uses.

7) The technique of digital filterfng applied in the
frequency domain.

8) The designs and properties of four NMR probe-circuits.

9). The design of a singlejcoil double-resonance probe
for comBined ﬁagic-Angle Spinning and Cross Polarization.

10) fhe designs pf low Q and high Q RF power amplifiers

with emphasis on the RF matching circuitry.



I. STATEMENT OF PURPOSE AND INTRODUCTION

The purpose of this wofk is to describe developments and
applications of‘tfme-dependent techniques in Nuclear Magnetic
Resonance (NMR) (1-12) to a study of: 1) the locations of lH
in the hydrides of the zirconium halides, 2) signal enhancement
6f 29g; in" liquids and chemical shifts of silyl-ether model |
compounds and 3) the aromatic 13¢ fractions of whole coals. Also
described are 4) the design of development of instrumentation
used in the above studies and 5) numefical techniques, such as
digital filtering and spectral decomposition, which are used in
~analysis of the data of the above studies.

The general structure of‘this thesis is to group'together
work mainly concerned withAthe aspects of fhe design of equipment
ana comﬁuter software in Chapters |l through V. Discussions of
the'theoretical and experimenf;l aspects of NMR used in the
current work areAgrouped toggther in Chapters VI through IX.

This format ha; been chosen in a manner to allow those interested
“in theor§ to easily locate the appropriate portions to read, and
similarly to al]ow.those interested in the more technical aspécts
to easily‘locate material of ingeresf. |

The text has been liherally sﬁpplemented with illustrations.
The auﬁhor hopes that fhesé will clarify important, and usually
s}mple, concepts which can sometimes become obscure and abstract

when described by equations or words. A brief discussion of



the themes of each of the remaining eight chapters follows.
These descriptions are intended to quickly familiarize the
reader with the body of the thesis.
Chapter Il begins the first of four chapters dealing with
technical aspects. It describes how to design an NMR probe.
Four common RF matching circuits are mathematically analyzed.
Component values are shown to be easily estimated by both
equations and Design Graphs. Additional topics include
ringdown times, circuit Q's, NMR coils and power dissipation.
Chapter 1l! describes the design and construction of a
single-coil double-resonaﬁce probe. Such probes are used in
Cross-Polarization exﬁeriments (2,3); In addition the designs
of high speed (>é.0 KHz) rotor§ for Magic-Angle Spinning experiments
(2,3) are also discussed. o
Chapter'lv describes the &ésigns of both high and low Q
RF power amplifiers. Particular attentiﬁn is focussed on the
design of the RF matching sections and circuit Q's. These
amplifiers find applicétions in Cross-Polarization (high Q)
expefiments, and in Multiple-Pulse NMR (low Q) experiments.
Also, the designs and coﬁstructions of lumped equivalent circuits
of transmission liﬁes are descriBed. These circuits are shown
to act as replacemenfs for transmission linesAand to possess
favorable.p;operties for use in Cross-Polar}zation experiments.
Chapter V deals with the mathematical techniques of digitally

filtering noisy data and the decomposition of overlapping NMR



absorptions into artificially resolved absorptions. Useful
properties of the Fourier Transform, as well as, those of the
lineshapes of Lorentzians and Gaussians are discussed. The
techniques described in this chapter are easily implemented
via computer programs.

Chapter V! begins the-first‘of the four remaining Chapters
which deal with the theory and applications of NMR. Chapter VI
describes the deduction and properties of the interesting
Fineshape of the NMR Powder Pattern (2,3). Also, the technique
of numerical convolution and its use to broaden the lineshape
of the NMR Powder Pattern are dlscussedvin some. detail.

| Chapter V!l begins the first présentat}on of actual experimental
use of NMR.. Measurements are made of ﬁhe principal values of
- the proton shielding tensors (2,3) for thellH in the hydrides
of the unusual, sandwich-like and metallic salts of zirconium
chloridé and zirconium bromide. The relative locations and
anisotropies of the various shielding tensors are used to infer
possible locations of the protons within the uncommon, metal-metal
aouble layers of these salts.

| Chapter ViH details the phenomenon of the oscillatory
behavior of magnetic polarizagion caused by indirect, heteronuclear,
dipoiar coupling between abundant (H) spins and rare (29Si)
spins. fhe important‘consequences of this J Cross Polarfzation

(9, 12) in terms of improving the rapidity of acquiring good



signal-to-noise for rare spins are discussed. Finally, this
technique is shown to be of great value in studies of 29Si
which is to be used as a probe of the environment of chemically

I

bound oxygen in coals.

Lastly, Chapter IX describes the 14-13¢ Cross-Polarization
(8, 9) studies of many and varied whole coals. The measurements
chiefly yield the fraction aromaticity, or aromatic 13C content,

of each coal studied.



1. THE DESIGN OF NMR PROBES

A. Introduction

A‘knowledge of the possible matching circuits for NMR
probes,(I-Q) is useful and advantageous to the individual with
an intefest in developing novel NMR experiments. In research
utilizing NMR as a tool, the key to success of the experiment
frequently lies in probe design.

This Chapter presents a mathematical approach to understanding
and predicting'the behavior of four RF (radio frequency) matchfng
circuits which can be used in the design of NMR probes. The
techniqué of solving the circuit equations for unknown pérameters
is first develbped. Then a simplified method for accurafely
estimating component values qsing Design Graphs is introduced.
Finally, a visual fegiing for the process of ''tuning uﬁ” is
por;rayed ;hrdugh ;he use of graphs of ideal frequency response.
Also discussed are the.quali;y factor, Q; the NMR coil and
power dissipation. |

The above considerations have been applied to the construction
o% a compacf NMR lock probe and_a loQ'Q probe for Multiple-Pulse

NMR experiments.

‘B. Theory and Equations of the Four Circuits of NMR Probes
Useful solutions of the standard circuit-equations of four

RF matching circuits will be derived. The circuits are named:



tapped parallel-tuned circuit, tapped series-tuned circuit
("Tapped'" refers to the fact that the impedances of simple
parallel and series resonant-circuits are tapped at an
impedance,lZiNI= Zo at phase angle,<¢|N = 0.00.), hybrid-tuned
circuit ("Hybrid" refers to the fact that a tuning element with
-a transcendental frequency response, namely a cable, is used.)
and finally the shorted-stub-tuned circuit (A stub is a small
length of cable used ‘as a tuning element). These éames are
abbreviated: TPTC, TSTC, HTC and SSTC respectively. All
circuits allow a load which is composed of an inductor L, with
inductive reactance, XL’ 5nd a sefies fesistance, RL’ to be
matcﬁgd to tﬁe characteristic impedance of the cable (transmission
line) feeaing tﬁe probe; This condition can be expressed as:
}Ziulc.zoand‘élN = 0.0° at a resovant frequency, fo' The complex
Anumber, GZIH, {I¢IN) is the Ihput !ﬁpedance looking into the
probe and Z is the characteristic impedance (or reslstance)
of the cable feeding the prppe. Both of these numbers are
assumed real and therefore represent resistances.

| _All reactive elements (inductorg and ;apécitors).and all
cables are considered ideal and lossless. All ohmic losses are
conside}ed lumped into an equivalent'resigtance, RL’ in series
wifh the NMk coil. The effective value of RL can be calcu}ated
after the probe is constructed and tuned as will be shown below.

Iﬁ all derivations the following definitions apply:

-1
Xeq = (21rfo cC]) , (1)



NMR PROBES

TAPPED PARALLEL-TUNED CIRCUIT

| Xc2
I
XLy
> X 1
1Z;nl ==
IN,,¢'N : ( ZJ ¢,
o)
HYBRID-TUNED CIRCUIT
Xy
- D, » X,
iz, ¢
IN'PIN A
° r 1z} ¢,
R

TAPPED SERIES-TUNED

”xm

CIRCUIT

I.ZINI¢IN

4

Xc2 -

1ZJ

SHORTED -STUB-TUNED CIRCUIT

Figure 1. The circuits of four NMR probes




Xep = (27F, € )" (2)
X, =1z} (sin ¢ ) = 2nf L (3)
R, =1Z||(cos ¢ ) (4)

iz) = RZ+X7T -~ (5)
Q=" = tan o (6)

XCI and XCZ are the capacitive reactances of capacitors
CCI and Cc2 at frequency, fo. XL is the inductive reactance
of the entire load which consists of inductor, L, and series
resistor, RL. RL is also ;he resistance of the entire load.
Q is the quality factor of the load. Q is a measure of the
ability of a circuit to store energy. Both ZIN and Y|N = I/ZIN,
represent complex quantities and IZ, i, ¢|y represent the
magnitude and phase anéle of the complex number. In the
laboratory, quantities such as ZIN and Zo would be read on a
vector impedance meter. The equations used to calculate component

values and theoretical or "ideal' frequency response are derived

using the standard theory of linear-circuit analysis (5).

1. The tépped parallel-tuned ;ircuit

The circuit diagram is shown in Figure 1. Capacitors CC1

and Cc2 are ‘used to tune a load, XL and RL’ to an input impedance

0
|Z|N|= Z, ¢, = 0.0 at frequency fo.



Using standard linear-circuit analysis, the input impedance,

ZIN’ can be shown to be:

XeaXL — 3XeqRye

= -jXe, + e (7)
IN c2 TR+ J(X - Xy .

z

The conditions:

Real (ZIN) =7,

Imag (ZIN) = 0.0

will result in|Z|N|= Zo’ ¢|N 0.0° at fo. With these conditions

it can be shown that:

2 2 -
ano (zoxL + /ZORL (RL + X ZORL) -1

Cer = [ Z - R (8)

L

-1
a1 (z“fo Cer)

2 -
RL + (xc1 X

C1

2
L)
z TR 2

XL)XL RL

C..=2¢C (9a)

c2 c1 (X

Usually the condition:

is a valid approximation for musL NMR probe-circuits since

X n X

L C1 and Zo < X

L The solutions then reduce to:

21rfoXL (Zo + VZORL)]_l (95)
Z - R
o L

Cer =

X
+ vZ /R
Z - R L
0 L
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. 1+ A2
CC2 = CCI (Ka-:—TJ (9¢)

Furthermore, usually both:
AZ and AQ >> 1

then:
2nfoxL (z0 + /zoRL)--l

R+ YZ,R,

c (9d)

czz_[

2. The tapped series-tuned circuit

The circuit diagram is shown in Figure 1. Capacitors Cc1
and Cc2 are used to tune a load, XL and RL’ to an input impedance
o
IZlNI= Zo, ¢IN = 0.0" at frequency fo.
“Using standard linear-circuit analysis, the input admittance,

YIN’ can be shown to be:

1
R+ 10X - X¢y)

= J
Y IXep *

IN (10?

The conditions:

Real (YIN) = l/ZO

lmag (YTN) 0.0

. . . _ - 0 .
will result anIZ|Nl—I1/Y|d Zo’ ¢IN 0.0° at fo. With these

conditions it can be shown that:

4 -
Coy = [onf (X - R / Eﬁ-- Nt (11)
Loy
Ca=/ R (12)
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Usually the condition:
“/
Q> "L Zo
is a valid approximation for most NMR probe circuits.

The solutions then reduce to:

Ce - [2nf (x - /ZORL)]-I (13a)
and:
Cp = [20F VIR 17} (13b)

3. The hybrid-tuned circuit

The circuit diagram is shown in Figure 1. Capacitor, CCI’
and transmission line, D], are used to tune a load, XL and RL’
to an input impedancelZlNl= Zb, ¢IN = 0.0° at frequency fo.

The impedance, Zb, measured at the open end of a transmission
line of length D in wavelengths terminated in a load, XL and RL’
can be shown (6) to be:

ZO [(RL + JXL) + Z0 tanh vD]

e = Tz, + (R_+ jX) tanh yD] (14)

y=a+ jg, B =27
Zo (ohms) is thelcharacterjstic impedance of the tr;nsmi§sion
line, o« (nepers/wavelength) is the attenuation faﬁtor and B
(radians/wavélength) is the phase factor. D is the length of
;ransmissién.lfne in QaVélengths at fo and‘therefore represents
the length of an ideal cable with a vacuum as the 'dielectric

material''. The length of ‘some standard cable, .D',--such as
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RG58C/U--may be calculated:

D' = 20D (15)

0
~where s (<1.0) is the velocity factor of the cable (For RG58C/U,

=‘0.66), c is the speed of light, and D is the length of the
cable in wavelengths at frequency, fo. The attenuation factor,
a, is frequency dependent. For small lengths of foamed
polyethylene-dielectric cable at frequencies below 100 MHz,
the assumptions that o = 0.0 and the characteristic impedance,
Z, is purely resistive (i.e., a real number) are good
approximations. Furthermore if D is expressed in wavelengths
of'cable at fo then equation 14 reduces to:

' ZO(RL +jXL) + jZ tan2mD

= - - (16)
D Zo + J(RL + JXL)tanZﬂD

Assuming lossless cable, @ = 0, and a purely resistive characteristic

impedance, Z3 treating Z, as a circuit impedance; and using

.

standard linear-circuit analysis, the input impedance, ZIN’ of
the hybrid-tuned circuit can be shown to be:

Z [R + J(Z tan(ZﬂD ) + X )]

Iy = Y- x tanznd,) + J(R tanan‘Y (17)

The conditions:

Real (ZIN) = Zo

‘Imag (z|N) 0.0~

will result iniZ Note, here the

o]
I 0, ¢lN = 0-0 ét foo

IN

input lmpedance is tuned to the characteristic impedance
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of the cable. With these conditions it can be shown that:

- Z 2 2 .
L% - JIR(RZ+ X Z+22-22R)
( ) (18)

2 2 _
X2 +RZ-2ZR

o
]

1
1 Etn
L

2 _ 2 - 2 - 2 -
i anoZO[XLZO + (zo xL RL )tanZnD] XLZotan 2n01]] 1 (19) |
Cl tan21rD1)2 + (RLtanZ'er])2 )

c .
(z, - x,

D1 will be calculated in wavelengths of cable at fo. This
value can be converted to a length of cable with equation 15.
Since the attenuation factor, a, will always be greater than

zero, the length, DI’ will be slightly shorter and the value

of Cc], slightly larger than predictéd with these equations.

4. The shorted-stub-tuned circuit .

The circuit diagram is shown in Figure 1. Two lengths

of transmission line, D1 andﬂDZ, are ysed to tune a load,

. . . ~ o
XL and RL’ to an input |mpedancelZlN]— Zo’ ¢IN = 0.0, at

frequency, fo; Length 02 is in parallel with length D1 and

its far end is shorted. Length 02 is referred to as a shorted-
stub. fhis design is similar to the HTC, with the stub replacing
capacitor C], "Assuming lossless cable, o = 0, with a purely \
resistive characteristic impedarce, Zo’ the input admittance
YIN can be shown to be: »

(z, - XLtanZND]) + jR tan2wD

v =] L 1

= + -
IN ~ Z_tan2mD, R+ jZ tan(2mD) + X ]

(20)
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The conditions:
Real (YIN) = l/Zo
Imag (second term of equation 20) > 0.0

Imag (YIN) = 0.0

. . _ o ..
will result in IZ, | H/Y|NL- Zo{ SN 0.0° at fo. The condition,

IN
Imag (second term of equationIZO) > 0.0, will yield the shorter

of the two possible lengths of D] that are solutions. With these

conditions it can be shown that:

2 2 2 o
xLzo + zoRL(z° + xL + RL zzoRL)
- 2
ZORLl Z,

_ 1 -1
D, = 0.5+ '/, tan [

can”)[ R (z tan(27D,) + X ) ]
2. 2 o 2 ‘2 -
'(RL + XL Zo )tanZTrD1 + XLZO(tan 2nD1) XLzo

27

Dl and D2 are expressed in anelengths of cable at fo. Since

the attenuation factor, a, is greater'than zero, for a highly
inductive load, the length D] will be slightly shorter and the
length,‘DZ, slightly longer than predicted above. Equation 15

can be used to convert wavelengths.of cable into actual physical

lengths.

€. Design Graphs
Figures 2, 3, 4 and 5 present Design Graphs that were
drawn with a compufe} program (7). These curves are graphical
solutions of equations 8,9a, 11, 12, 18, 19, 2] and 22 for
IZ'N|= 50.0 ohms, ¢IN
19.1 (¢, = 87.0°).

= 0.0° and Q's of 57 (¢, = 89.0°) and

(21)

(22)
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Design Graphs, which are frequency independent, provide
é graphical relationship between the impedance of the load and
the reactances and/or cable wavelengths of the tuning components.
These curves allow quick estimates for the approximate values
of the tuning componenté. The horizontal axis,lZU = XL + RL ,
represents the magnitude of the impedance of the load as would
be read on a vector impedance meter. For highly inductive

loadled = X . The vertical axes are in capacitive reactance

L
or wavelengths of cable. These values can be converted to
capacitance énd lengths of cable using equation 1 (or 2) and
15 respectively. A | |
Component valueg can be estimatéd rapidly and accurately
wfth these‘graphs. A comparison of calculated values withl
values reaa from the Design Graphs iswshown iﬁ Table 1. A
ioad whjch éonsis;s of a indu;tive reactance, XL = 99.9 ohms,
and a r;sistance, RL = 5.23‘ohms, is tuned toIZINI= 50.0 ohms
and O\n = 0.0° at fo = S§.0 MHz.- The load impedance,
lz,1 Gz = /X 2+ R2), is 100.0 ohms and the load Q is 19.1.
This Q correspondé to a phase angle, o (¢L = tan-l(Q)), of
87.0°.
As one can see from this comparison, component values read
directly fromTthe design graphs are very accurate indeed.

Unfortunately, but realistically, stray reactances and

distributed resistances are usually present in some unaccountable
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Table 1. Comparison of component values for four NMR probes
obtained by equations and Design Graphs [Reactances,
Xi’ in ohms, Capacitances, Ci, in pf, cable lengths,
DiA’ in wavelengths, cable lengths Di’ in cm,

XL = 99.9 ohms, RL = 5,23 ohms,lZd = 100.0 ohms,

= - = ° =

QL = 19.1,|Z|N| 50.0 ohms, oy = 0.0, fo 56.0 MHz,

s = 0.66.]
DESIGN

CIRCUIT EQUAT { ONS GRAPHS
TPTC

Xc 147.4 140.

C1 19.2 20.3

XCZ 305.5 300.

c2 9.3 9.4
TSTC

XCI Bh'7, 82.

c1 33.6 35.

Xc2 17.1 17.

c2 166.2 167.
HTC. o

DIA . 0.051 0.05

D1 18.03 17.7

XCl 341.8 350.

C1 8.31 8.1
SSTC

DIA 0. 301 0.30

01 106.4 106.

DZA 0.023 0.023

D 8.13 8.13
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way in most circuits. The actual values of components required
to tune a given load will usually differ from the calculated
values. Therefore, one should regard equations and Design
Graphs as guides in the beginning stages of the design. The
final battlé,is usually won in the laboratory with a pair of

wire cutters, soldering iron and a vector impedance meter.

D. Frequency Responses

The magnitude of the input impedance,lZlNL and phase angle,
¢ g2 can be obtained from the equations (7, 10, 17, and 20) of
the input impedance of each circuit.’ Let Xp» Xeyo XCZ’ D, and D,
represent the appropriate values f0r|Z|N|= ZO’ ¢IN = 0.0° at fo.
The frequency dependence of these terms at any frequency, f,
can be incorporated into each equatiop by replacing these terms
with:

aXL, = a3 aDI, aD

with a= f/fouAt a frequency, f, the magnitudg of the input

impedance is:

= 2 R i, 2
|ZIN| / Real (Z|N)~+ Imagnﬁary (z,)

and the phase angle is: '
' : _l'lmaginary(ZlN)

¢y = tan [ Real(Z,,)

IZINI and ¢, are the values that would be read on a vector

impedance meter as the frequency is swept. The frequency
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dependent equations for each circuit are:

Tapped Parallel-Tuned Circuit

a=f/f
¢}
X...R
. RN
7 (@) - -pe2, JaX TS
IN g ’ Xc 1
R+ dlaxg - ==

Tapped Series-Tuned Circuit

ZIN = 1/Y|N, a= f/fo

j 1
Y, . (a) = Jé + ,
IN Xcz

Hybrid-Tuned Circuit

a-= f/fo

Xe

z,[R, + j(z tan(2maD,) + aXL)]

ZIN(a) =it

Shortéd-Stub-Tuned'Cfrcuit

(Zo - aXLtan(ZwaDl)) + j(RLtan(ZwaDl))

ZIN = 1/Y|N, a= f/fo
. (z - aX, tan(2maD,) + jR, tan(2waD,))
Y, (a) = =— g0 L ] 1
IN Zotan(ZnaDz) RL +;J(Zotan(2napl) + aXL)

The real and imaginary response of the above equations can
be delermined quite easily on the computer (7). The ideal

impedance and phase responses of each circuit are shown in

(23)

(24)

(25)

(26)
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Figures 6, 7, 8 and 9 respectively. Identical loads which
consist of a().thlO-6 Henry inductor in series with a 7.75
ohm resistor'(Q ='19.1) are tuned toIZ'Nl= 50.0 ohms,
¢IN = 0.0° at fo = 56.0 MHz. The left axis represents the
magnitude of the input impedance and the right axis represents
the phase angle of the input impedance.
These response curves allow one to visualize the behavior
that will be encountered during the ''tuning up'' of the probe.
For instance, after the approximate component values are installed
in a given circuit, ;hen there should be a frequency close to
fo where the bghayiors of the impedance and phase angle are
-simi!ar to those of the appropriate'resbonse curve. ComEonent
Qalues are simply édjusted»to bring thevdesired response to
fo. |% such,bghavior is not found, tHen one can be safe in
;é;uming that component values and/or XL and RL are inaccurate.
Another  important use of response curves rests with their
use to judge the feasibility of attempting a sbecific design.
The location Qf low-impedance and high-impedance resonances
(¢|N:= 0.0° in.both cases) can be chécked in relation to the
tuning freduency. For instance, a common problem in designing
the tapped Serieé-tuned circuit is that the low-impedance resonance
oéc;rs slightly below.the tuning frequency. This Iow-jmpedance
resonance moves.farther down freqqency as the Q is lowered.

However, for high enough Q's, it may interfere with the tuning
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at tﬁe desired frequency. Frequency.response graphs are useful
in anticipating and avoiding this problem.

Iinterestingly, the theoretical frequency responses of both
the tapped parallel-tuned and hybrid-tuned circuits are virtually
identical. This behavior is not unexpected since cable D1 is
short enough to be considered as a small capacitor in parallel
with the coil (i.e. almost a tapped parallel-tuned circuit) at

this frequency.

E. Ringdown, Circuit Losses and Effective Q's

The quality factor, Q, of a load which consists of an ideal
inductive reactance, XL, in series with-a resistance, RL’ is
defined as Q = “L/R_(6). Q is related to the ability of the
circuit to store energy during one RF cycle as is shown in
Chapter 1V. ‘A ringdown time, t = ZIQ/nfo, can be éonsidered
as' the approximate time required for the RF voltage across the
load to exponentially decay by a factor of 10'--‘9 or from 1000
volts to 1 microvolt.

The ringdown time usually places limits on the maximum
allowable»yalue of Q.A When recdvéry time is not critical, the
highest possible Q is usua[ly desired since the signal=to- '
noise ratio increases with Q. In such a case, no lumped load
resistance, R

L’

which limits the Q, can be considered to result from distributed

is used. The actual, non-zero value of RL,

losses. Probes with the fastest possible recovery times require
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low Q's. In such cases, values of R which limit the Q are

L
appropriately chosen.

High Q probes generally have the best RF power efficiency
and recipfocally the best one-shot, signal-to-noise of the
FID than do low Q probes. When a probe is finally tuned, the
exaét Q may be somewhat of a mystery since there are additional
and distribﬁted losses from capacitors, inductors, hookup wire,
cables, etc.

An accurate method for calculating the effective Q of the
entirg probe-circuit is to consider all capacitors, inductors
and cables'as Seing ""ideal" and to refer éil losses--whatever
the source--to thé load resistor, BL which is in series with
the inducfor.’ For egample, the actual value of the capaéitor

c2

to input impedance, IZINI= Z,,» can be used to determine the

C which is required to tune a tapped series-tuned circuit

effective Q for this circuit. For the TSTC the value of capacitor
CC2 is solely determined by the resistive losses of the load,
R, (equation 12). As the resistive losses decrease (Q increases),

required to tune a fixed input impedance

thg value of‘Ccz'
IZINI= Zo’ increases. By rearranging equation 12, an effective

- _ L s
Q, Qeff =R "Reff = RL? can be defined:

eff ; ) XL :
- 2 —_
Qeff‘ b fo XLzoCCZ + Zo (27)
XL

For the case where Qeff >> 7 which is usually true for most

(o]
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NMR probes::

~ Lo2f 2 2
Qeff b fo XLZoCCZ (28)

XL is the inductive reactance of the NMR coil measured at
frequency, fo. However CC2 is the actual measured capacitance

required to tune the input impedance to Zo' ¢, . = 0.0o at fo. In

IN

effect, the above treatment lumps all circuit losses from all

components into the load resistance, Reff' Components are

now treated as lossless. Capacitance Ccz may now be considered

that value required to tune a circuit with load: (XL’ Reff and
. : .

Qf) to 2= Zy» &y = 0.0 at f). oOf course, all of the

capacitors including C., possess some ohmic losses. However,

c2
to the outside world, the fictHﬁous rgsistaﬁcesReff (=XL/beff)
abpears to Be in se}ies with the inducfive reactances. This
t;eatment is very desirable and valuable since both the H]
fiéld produced by the Rf pulse and the Induced NMR signal will
dépend on Qeff’. A similar treatment can be applied to the

remaining three circuits:

Tapped Parallel-Tuned Circuit

Qe > "% X.. = (2nf c..)"?
eff © L 1 0-Cl
c1
X ‘ ‘
Lo, -2
7 (1 - 2nf X C(y) (29)

(o]

Qs =
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Hybrid Tuned-Circuit

XL
A = tan2tD_, Q > —_—
o] A2
Z X (1 + A?2)
: L
Qs = —— (30)
2?2 -27 XA+ X 272
o oL L
Shorted-Stub-Tuned Circuit
XL
A = tan2nD,_, Q > —
1 eff 20(1 + A2)
2
ZOXL(I + A?)
Qeff @ (31)
Z 2A2 + 2X, 2 A+ X, 2
o Lo L

For the hybrid and shorted-stub-tuned circuits, D] is the actual
measured length of cable D1 in wavelengths at frequency, fo. Also
Zo is both the input impedance and the;characteristic impedance
of the cabig. For most probes, the e%fectivé Q's are usually
well above the lower limits of the inequalities for which all

four equations are valid.

v

F. Design of the NMR Coil
The NMR coil is perhaps tﬁe most important part of the
probe. The coil is usually cylindriéal in shape. Its Q and
the homogeniety of RF fields are very Iimportant attributes.
For an RF wave travelling on the surface of a good conductor,

the distance, 8, required for that wave's amplitude to be
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attenuated to e-1 of that on the surface is termed the depth

of penetration (6):

5 - /?"ou (32)
p is the resistivity in the units of ohm-meters and fo is the
RF frequency of the wave in Hertz. u is the permeability of
the matertal and, for noh-magnetic materials, it may usually
be assumed equal to knx10.7 Henry/meter which is the permeability
of free space, -

The resistivities of silver, copper and tin are 16, 17
and‘llh nanoohm -meters respectively. For copper wire at a
frequency of 30.0 MHz, the depth of penetration is calculated
to be only 12 microns. Therefore,.thé properties of the coil
will be strongly influenced by the prqperties of the surface
of £he conductor; Consequently, surfaces should be clean and
smqoth. Coated{wire should be used whenever possible to
prevent tarnishing.

When signal-to-no{se is importanf, as for high Q probes,
the best bossible conductors such as silver-plated copper should
be used. Although silver Is only slightly less re;istiye than
copper, th}s modest }mprpvanen; in Q and signai-to-noisc may
lead to more rapid acquisitions of data when‘]ong tfme-averagings
are }equiéed. |

»When fast recovery is important, as fqr lTow Q probes;
t}n-plated copper Qill result in substantially higher but

distributed losses and may improve the recovery time.
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When the homogeneity of RF fields are important, both of
the following properties have been found to produce good resu]ts.
First, the éoil's length~to-inside-diameter ratio should be at
least k/1. Second, the wire is flattened in the central region
of'thg coil. Usually #18 or smaller gauge (i.e. lérger diameter)
wire is used for mechanical stability. Also, the coil may be
supported by its own leads.

At higher frequencies, in order to prevent the reactance
of the coil from becoming capacitiVe, the co%l should be loosely
wound‘i.e., the spacing between turns should be about % the

diameter of the wire.

G. Power Dissipation in the Load Resistance
The resistance of the load resistor, RL’ is determined by
the desired Q (and Qeff) as explained above. The minimum wattage
of this resistor depends on the average power dissipation;

P :
ave
nt

P =P

ave t
slow

Ppulse (33)

In this equation, P is the RMS pulse power, tp is the

pulse
pulse width, and n is the total number of pulses in one slow
clock per{od, tslow" For example, for 400.0 RMS Watt pdlses

of 1.2 psec duration and for 2048, 8-pulse sequences repeated
once every 3 sec, Pave‘will be 2.6 RMS Watts. As a precaution,

a load resistor with a power rating of at least 5 Watts should

be used.
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H. Circuit Designs

1. Compact NMR-lock probe

The NMR-lock pfébe is used in conjunction with other
equipment to hold or lock the laboratory magnetic field at
constant value. Figure 10 shows the desigﬁ of one such probe
which is very compact. A hybrid-tuned cir;uit is used for

matching.’

2. Probe for Multiple-Pulse experiments

The NMR probe for Multiple-Pulse homonuclear decoupling
usually requires the fastest possible recovery-times so that
the shortest cycle-times can be obtained. A low Q is essential.
Figure 11 shows the Jeéign of such a probe. A tapped series-
tuned design is used for matching. The capacitor in series
with the inductor should have a very high volt&ge-rating. The
load resistor should have sufficient wattage to dissipate the

usually-high average power.
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NMR LOCK PROBE

COIL AND SHIELD

RG58 C/U

1 v J

S53Imm -

" | ALUMINUM GYLINDER

COIL: 33mm x 5mm id. # 30 VARNISHED WIRE
X =230 ohms (L=4.2 uH) AT f,=8.7 MHz

R F. MATCHING:

375 pf g»
‘./{ '6 IZ)Ni= 50ohms
‘- /‘ 20" ¢ =0°
. o fo = 8.7 MHz
Q= 20

Figure 10. The design of a compact NMR=lock probe
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It1. THE DESIGN OF A SINGLE-COIL DOUBLE-RESONANCE PROBE

A. Introduction

Recently, much interest has been directed toward the
Cross-Polarization (CP) experiments (2, 3, 8) developed by
Pines, Gibby and Waugh in the early 1970{5. Their double~
resonance technique relies upon the transfer of magnetic
polarization from abundant spins such as H or 19F to rare
spins such as 29Si and 13C. The rare spins (called S spins) -
are enhanced and observed while the abundant spins (called
| spins) are decoupled.

0f course, certain conditions must be satisfied for such
experiments to be successful. fhe most important condition,
which yields maximﬁm polarization‘transfer, was origipally
derived by Hartmann and Hahn (9) and appropriately bears their
names. The Hartmann-Hahn or H-H criterion states that the
frequepcies of.nutations{ Wiy of botb the | spins and S spins
Faused by tﬁeir respectivé RF fields (éalled His fields) should
be the same, or: |

| B I I T S LT |

*i is the gyromagnetic ratjo of the iFh species. See Chapter
Vil for a further.discussion.

It ib.deﬁirablé to establish or match the H-H condition
over as large alvolume of the sample as possible to achieve

maximum S/N in rare-spin detection.
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Such desires have motivated researchers (10, 11) to design
single-coil double-resonance NMR probes in which the same coil
or inductor is excited simultaneously by two Hli fields at widely
differing frequencies.

This Chapter describes an original design of a double-
resonance probe using a single coil. This design has found use
in high powered, Magic-Angle Spinning (MAS) experiments (2, 3)
on solids (See Chapter 1X) and the much lower powered J Cross-

Polarization (12) experiment on liquids (See Chapter VIII).

B. Circuit Description

The schematic diagram of the single-coil double-resonance
probe is shown in Figures 12, 14 and-16. A detailed explanation
of the theory behind its design and operation has been previously
reported (13). Fidures 13 and 15 show pictures of two actual
probes.

The first probe (Figures 12 and 13) is used for combined
14-13¢C Cross Polarization and high speed (>2 KHz) Magic-Angle
Spinning. The last two probes (Figures 14-16) are primarily
used for lH-295j J Créss Polarization with spinning (<200 Hz).
The third.probe, whose schematic diagram is shown in Figure 16,
is similar to the second probe but contains a larger coil. All
probgs mayibe simply retuned at FL to observe l1H Cross Polarization

with other rare-~spin species.
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Figure 12. The circuit of a single-coil probe for lH-13¢ Cross

Polarization and Magic-Angle Spinning
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Figure 13.

A picture of the probe for H-13C Cross
Polarization and Magic-Angle Spinning
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Figure 14. The circuit of a single=coil (5 mm i.d.) probe for

14-295i J Cross Polarization
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Figure 15.

A picture of the probe for 1H-29Si J Cross
Polarization
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Figure 16. The circuit of a single-coil (10 mm i.d.) probe
for 1H-2957 J Cross Polarization
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There are three criteria that are important in the design
of any probe used for Cross Polarization of solids with rare-spin
observation. The first criterion is thatladequate isolation

of the high frequency, f,, from the low frequency, fL’ is

H’
achieved. The second requires reasonably good power efficiency-
at both fL'and fH. The third requires the best possible signal-

to-noise ratio for rare-spin detection. The following discussions

refer to the schematic diagrams of Figures 12, 14 and 16.

1. Frequency isolation

High-frequency isolation is obtained through the use of
two quarterwavelengths of transmission lines, AH/h at fH. The
impedance of point "a' at fH is low but the impedance at point
'e"" is very high. Most of the RF energy at FH will be effectively
blocked from entering the quarterwavelength and will thus flow
through the inductor to ground. Since point 'a" is a low
impedance at fH’ the addition of the low-frequency-tuning
network, cable D1 and‘cépacitor CiL, will have very little
effect on the impedance of point 'c¢' at fH.

Low-frequeﬁcy isolation is achieved by the large reactance
‘of capacitor C1H aF fL. This rgactaﬁce will block most of the
RF energy and force it to ground through the inductor. This
qapacitor simultaneously serves as a tuning element at fH.

Typical isolations of f

H

fL are around -30 dB while the reciprocal isolations of fL

at the input port of fH are approximately -15 dB.

measured at the input port of
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2. Power transfer

Power is transferred into the probe at fH by adjustment
of capacitors C1H and C2H to the normal system impedance:

EINI= 50.0 ohms, N = 0.0 . These capacitors form a tapped
series-tuned matching network discussed in detail in Chapter II.
Similarly, power is transferred into the probe at fL
through adjustment of the length of cable D1 and the value of
capacitor CIL toIZ|N|= 50.0 ohms, ¢IN = 0.0°. These two components

form a hybrid-tuned‘matching network discussed in detail in
Chapter I1.

No desigﬁ at present requires resistors RL or RH. The
resistors are used to lqwer the Q should inadequate recovery-
time pose a problem.

o Typical power requirements for the probe of Figures 12 and
13 are abouf 166 RMS Watts at FH - 56.0 MHz to cstablish an

H,, = 10.0 Gauss field and about 250 RMS watts at f, = 14.1 MHz

1] L

to establish an HlS = L0 Gauss field. Average power requiremgnts
for the probe of Figures 14 énd 15 are about 0.5 RMS Watts at

fH = 56.0‘MHZ to establish an H, = 1.0 Gauss field and about

1.3 RMS Watts at fL = 11.13 MHz to establish an HIS = 5 Gauss
field. The probe of Figure 16 requires 9.0 and 1.6 RMS Watts

to estaslish fie]&s of 1 and 5 Gauss at the frequencies of

56.0 and 11.125 MHz respectively.
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3. Signal-to-Noise ratio

Figure 17 shows the typical signal-to-noise obtained with
one excitation (or one shot) using the three probes discussed

here. .

CT Probe Construction

The high-speed, MAS probe (Figure 13) was assembled and
tuned in a.frame previsouly described (14). The other two
probes were constrﬁcted in aluminum boxes. The‘tuning of all
probes is similar.

First, the high-frequency-isolation device which consists
of the two quarterwavelengths at fH is made. For highest Q,
low loss cables such as RG8U should be used. The proper construction
of th}s isolation network is very critical if good isolation
and hHigh power efficicﬁcy are tn be achieved.

The préper length of the open quarferwavelength is established
with the use of a frequency synthesizer, an oscilloscope and
a tere porf_tee (the same tee that will be used in the probe,
of Eoprse). A slightly iong cable is éttached to one port, a
signal ét fH is fed into the second port, and the Fhird port
is connected to a scope. The cable should be “snipped of f"!
until a minimum RF signal at fH is dete;ted on the §cope. This
is tﬁe proper length of cable for an open quarterwavelength.
fhe synthesizer and scope are now removed from the tee.

The pfober length of the remaiﬁing quarterwavelength is‘

now established. The proper lengLl is such that a maximum
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TYPICAL ONE-SHOT =GP FIDS

BANDWIDTH: 5.0 KHZ

B¢ IN ADAMANTANE
21%x10°° SPINS
TCP= 1.5 msecs
10 mm i.d. COIL
H,: 10,40 GAUSS
f.= 14,089 MHZ

2% IN TRIETHYLSILANE

4.0 x10° SPINS

EP= 5.0 msecs
S i d . COlE

H, to B U GAUSS

€. .= 1129 :MR&

29 IN TRIETHYLSILANE
36102 SPINS

TCP: 5.0 msecs
10 mm i.d. COIL
1,5 GAUSS

Hl:
T“o = 11129 MHZ

Figure 17. Pictures of typical one-shot C.P. FID's of rare spins
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impedance at fH occurs at the end which will eventually be’
connected to the NMR coil.. A vector impedance meter is used
to establish this length. A slightly long cable (of suitable
dielectric since it will be in thé magnetic field) is now
connected to the tee which has the open AH/h attached. This
cable is ''snipped off'' in small chunks while one monitors.the
impedance of this snipped end on a vector impedance meter.
The proper length occurs when a maximum impedance at zero
phase.angle occurs at fH. This end is ;hen connected from the
top of the coil to ground as shown in Figures 12, 14 and 16.

| Now,‘the~inftial tuning at fH.is made by first'measuring
the'impedance,lZd, and phase angle, ¢L’ from the top of the
coil to»gréund--with the fH isolation network installed, of
course. The approximate values for capacitors CIH and C2H
are cal;ulateﬁ.from the quatioq for the tapped searies-tuned
circﬁit discussed in Chapter Il. These capacitors are adjusted
uqtillZlNI=-Zo, ¢IN = 0.0° at fH is obtained. |

The Iast step is to measure theiimpedance,lZU, and phése

angle, ¢L, of pofnt "a'"' to ground at fL-fwipﬁ capacitors C1H
and CZH installed and tuned. The equations for the hybrid-
tuned circu{t discussed in Chapter Ii are used to calculate
the approximate length of D1 and ;apacitance of CiL. These
components are théb adjusted until|Z|Nl= Zo’ ¢IN = 0.0° at fL.
For a properly designed probe, the addition of D1 and CIL should

have very little effect on the high-frequency tuning.



L9

Experimentally, it has been observed that the highest Q
capacitors such as Polyflon (15) types should be used for
capacitors Cl1H and C1L. Ceramic variable capacitors were found
to generate enormous and horrendous broadband noise during the
decoupling pulse, although the use of a ceramic variable capacitor
for C2H has been found acceptable. ATC (16) type fixed ceramic

capacitors have been used as padding capacitors with good results.

D. The Construction of a Stable High-Speed, Andrews-Type Rotor

This sectioq will describe the gonstruction of a stable
rotor used for Magic-Angle Spinning at speeds of up to 2.8 KHz.
This type of rotor is designed for use in the Cross-Polarization
probe shown'in Figure 13. Figure 18 shows a picture of one
such rotor located inside the NMR coil. The connector to the
air line extends from the stator to the left. The design of the
stator over which the rotor spins suspended on an air bearing
has' been préviously.deécribed (14).

The dimensions and configuration of a typical rotor designed
for Lse with.a 10 mm'i.d;coil‘are.shown in Figure 19. The rotor
is machined from Kél-F rods on a lathe. Kel-F is polymerized
»ch]o?otrifludroethylene, whiéh machiﬁes easily. Sincc it contains
ﬁé hydrogen, this material is wéll suited.for‘use in 1H-13¢C
Crosg-Polarization studies.

A'During ﬁéchining, it is very iﬁportant that the sample

compartment be bored out in order to insure uniformity about



Figure 18.

A picture of a high-speed rotor in a MAS probe

05
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TYPICAL ROTOR

: T T
MATERIAL: l 1
KEL-F ' !
l |
je—— 6 MM —=f
'WEIGHT: l ! 12 mm
2.3 grams : !
! | 19 mm
| |
| |
| |

}..= 17 mm | "f

Figure 19. The dimensions of a typical high-speed rotor
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the rotor axis. The flutes are slit-like cavities which catch
the stream of air and greatly increase the rotor's speed. The
flutes are cut into the base of the rotor by an end mill. For
this size of rotor 9 evenly spaced flutes have been found
sufficient to generate speeds ranging from 2.5 to 2.1 KHz with
approximately 40.0 1bs/sq. inch of air pressure. A small piece
of teflon tape firmly wedged down above the sample in the sample
well has been consistentfy and successfully used as a cap to
prevent sample loss while spinning;

After a rotor is machined, it may contain slight imperfections
which qually lead to instabilit? at.moderate or even relatively
slow speeds. A technique has been developed whereby the unstable
rotor can be ma;hined to a s;able configuration while it spins
in its own stator at high speeds.l

First, fof_safety and to prevent possible damage, both by
ana to, the rotor, a wire is shaped into a large loop similar
to a ”bubbfe blower''. The ring Is placed éroung the neck of
the rotor (not touching, of{coursé} and the end of the loop is
fastened to the stator. !f.the rotor goes unstable and decides
to rocket away from the stator, it Will striké the wire loop,
bounce around ana stay on the sfator usually without damage
ta the rotor or stator. |

Next a.glass rod, held in one hand is used to stabilize

the wobbling rotor. A loud whine will be heard as it gathers
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speed. The pressure of the touching rod‘as well as the applied
air pressure will determine the rotor's speed. A lathe cutting-
tool is held in the free hand and the wobbling rotor is allowed
to strike it near the top of the rotor--producing a machining
action. A static demonstration of this process is shown in
Figure 20.

With practice, one can acquire skill at machining the
right places andAinducing‘stable rotation. This technique has
stabilized hany unstable rotors de;tingd for, or already in,

the junk box.



Figure 20.

A demonstration of the high-spead tuning method

e
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IV. DESIGNS OF RF POWER AMPLIFIERS AND LUMPED

EQUIVALENT CIRCUITS OF TRANSMISSION LINES

A. Introduction

The tuned RF power amplifier has many uses in pulsed NMR
(Nuclear Magnetic Resonance) (1 - 4). The high Q tuned amplifier
(17,.18) is a very convenient way of achieving narrow RF pulses
with low noise and relatively low driving power. |t is useful
as a transmitter in the studies of molecular systems with long
Ta's. T, is the constant which characterfzes the decay rate
of the Free Induction Decay (FID) of the excited nuclei. On
the other hand, the low Q tuned amplifier is suitable for use in
studies o% molecular systems where T, is short and fast recovery
(i.e. a rapid dissipation of transient energy following the
RF pulse) is essential. |

This Chapter presents the desiéns of two tuned amplifiers:
a high Q,‘56 MHz unit which is especially useful for a high
frequency transmitter in 1.H-13C doub]e resonance NMR and NMR
of soluti0ps and a low Q, 56 MHz unit which is useful for fast
recévgry and Multiple-Pulse homqnuclear‘decoupling experiments.
The procedure for determing the approximate values of the
components of thelRF matching circuits is gxplained. Schematic
diagrams of the eleétronics of the two amplifiersar.e also

presented.
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The las; part of this Chapter d}scusses the lumped equivalent
circuits of transmission liﬁes and their uses as RF switches,
matching devices and filters. The material of this Chapter is
a slightly modified versfon of a Department of Energy Report

(19).

B. The Q of an RF Circuit
The quality factor (6) of an RF circuit, Q, measures the
ratio of the maximum energy stored, ws, to the energy dissipated

per cycle, which Isthe power dissipated, P, divided by the frequency:

D'
' D ) series - L
X, is the circuit's inductive reactance; R . and R are
L series ]

the -equivalent resistancés in series or parallel with XL' All
values are measured at frequency fo. Usually the Q can be
correlated with a circuit's recovery ;?me, tr’ following an
intense overload from a strong RF pulse. A low Q indicates
a short recovery time; a high Q, a relatively long recovery
time. |

In higﬁ Q amplifier§ which are designed for high efficiency,
the Q is made as high as possible and the recovery time, which
is us@a]ly not critical, is long--but much less than T,. On
the othér hand, a lowa is pgrposely used in such circuits as
‘NMR probes used in studies of solids where T, is usually very

short and the fastest recovery essential.
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For an isolated, single-port circuit, the Q can be defined
as the ratio of the inductive reactance, XL’ to the effective
resistance, R , in series or parallel with XL’ as shown by

Equation 34. In the above notation: X = waOL, X, is the

L L

inductive reactance at frequency, fo and L represents the inductance
of the inductor (coil). The time constant, [t = Q/(nfo)], of
such a circuit measures the decay of the voltage across the
inductor, L, to e-1 of its maximum value.

"The recovery time, [tr = 21Q/(nfo)] will represent apprqximately
a 10-9 decay in this voltage. For instance 1000 volts would
décay to 1.0 microvolt in a time period of tr' I f the'circuit
were a NMR probe and since NMR signals are normally in the
range of microvolts or less, after a time t (tr < T,) following
‘a strong RF pulse, the NMR signal would outlive circuit transients
ana Be de;ecfable.

Two of the major factors wHPch increase recovery time are
brobe ringdown and power-amplifier ringdown. Even when very
Iow'Q probes, matching circuits, etc: are used, the Q of the
RF power amplifier itsélf fs a hajor fgctor which may prévent
éxtremeiy fast recovery. For these reésoﬁs, broadbénd RF power
amplifiers are generally used.in Multiple-Pulse experiments
on solids-since‘the shortest poséible cycle times are usually
needed; Broadbaﬁd RF power amplifiers belong to a general
qléss of amplifiers whose main advantages are verY fast recovery

and no tuning and whose disadvantages are low efficiency,
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‘broadband noise and high cost. Surprisingly, the low Q tuned
amplifier described in this Chapter offers relatively fast

recovery times with high efficiency, low noise and low cost.

C. The Model of the RF Amplifier

The RF amplifier (tube, transistor, etc.) may be considered
as a '"black box'" which is characterized by properties usually
sbecified by the manufacturer. The model of an RF amplifier
is shown in Figure 21. The amplifier (CTI, CGP, G, and CTO)
is that of a tetrode tube to which grid, screen and plate voltages
are applied to achieve a given operating condition--in this
case: class AB;. Power is transferred into the ideal amplifier
by .the input circuit: C2l, RI, LI and C1! and is transferred
out of the amplifier by the output circuit: €10, RO, LO and
€20. '

The tetrode tube (hCX25OB) used in these designs will be
modeleq as an ideaf amplifier with.gain, G, input capacitance,
Ccfl’ output capacitance, CCTO and control grid-plate capacitance,
CCGP' The values of CCTI’ CCTO and CCGP arc usually suppliced
by the manufacturer. Both the input and.0utput circuits are
of the tapped ;eries-tgned design (See Chapter Il) and may be
considerea.as forms of n-cirﬁuits. These circuits are chosen
because they have properties gimilar to lumped equivalent
c[rcuits of transmission lines.(See below). Of course, transmission

lines are broadbanded circuits. Consequently, circuits which
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are related to them are very desirable for rapid transfer of
energy with minimum ringdown.
All losses are considered to be suitably included in

and R When biased AB;, the tube will not

resistances RRI RO*
draw cathode-control-grid current; therefore, input losses
(resistance, RRl) will mainly occur in the input matching circuit.
During excitation, therutput circuit will generate considerable
RF current through the tube and the tube's resistive losses

will contribute a large portion to the output losses. All

output losses are considered lumped into resistance RRO‘ The
major effect of ''dynamic' losses wili be to inﬁrease the value

of RkO and thereby reduce the ''static' value of CCZO required

for maximum power transfer.

ance‘the'capacifors C11 and CTI a;e in parallel, they
may be considered une capaciﬁor, i.e., capacitor Cl1 of a tapped
series-tuned ;ircuit_whlch is described in Chap¥er I1. Capacitors
CTO and C10 may be consideked likewise.

Equation; 1 and 2 of Figure 21 are the solutions of a
standérd tapbed series-tuned circuit which tunes inductive
reactance XLx and resistance RR* toIZ|N|= Zo and oIN = 0.0° at
frequency, fo. The quantitiéleINland ¢IN are in the magnitude
and phase anéle of the impedance that would be read on a vector

impedance ‘meter such as the Hewlett-Packard HP 4B15A. Of course,

the Fube capacitances, CCTI and CCTO’ will set limits on the
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values of inductive reactances, XLl‘and XLO’ which gan be tuned
to a specific input or output impedance, Z.

The quantity G can be considered the actual gain of the
entire amplifiér under operating conditions with all tube input
and output losses suitably included in resistances Re and Reo*
The gain, G, can be measured experimentally. The actual Q's
of the input and the output circuits can be calculated (as
outlined in Chapter |1) based on the actual values of XLI’ CCZI’

ElNland X IZOUTlunder operating conditions.

Lo’ 20

“'D. Designs of RF Power Amplifiers

1. High Q design

For the Eimac 4CX250B tetrode, handbooks (18) list CCTI =
18.§ pf, chp =_0.0h~pf and CCTO = 4.7 pf. In the high Q design
the ratios: XU/RR| = QIN and XLOIRR0 = QOUT are made largg. Input
inductor, L}, and output inductor, LO, are wound to be as large
as possible; however, their size should allow the use of physically
realizable capHC|taﬁces for Fc]' énd CLIU' Af fH = §A,0?20 MHz,

= = Q = = H
XLI 85 2 and XLO 94 2. A QIN QOUT 80.0 is assumed so
that a ''guess'' at the values of RRI and RRO can be-made. No
physical resistors are used in this design. These resistances

are distributed and can be considered losses in the matching

c,rcunFs, etc. Since RRX = XLX/Q’ RRI = 1.06 9 and RRo =1.18 Q.
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I=1zZ, =7 =

IN ouT )

50.0 @, the initial estimates are calculated in picofarads (pf):

From equations 1 and 2 of Figure 21, with iZ

o = 18.0, C = 386.1 and C = 28.2, Cczo = 365.5. Variable

cil c2! cio
capacitors (with painng) whose tuning ranges include these
values would be used.

These values are considered épproximate since they are for
the "static' amplifier (i.e., not under operating conditions).
Under operating conditions when both DC and RF powers are applied,
"dynamic'' losses will be introduced (in some equivalent form)
and R,.,. The major effect of these increased losses

RI RO

Wfll be to reduce the values of Cc2| and CCZO reqU}red fgf

maximum power transfer. (See equation 2 of Figure 21.)

into R

2. Llow Q design

For a low Q design, the QIN(=,XLI/RRI) and Qy,r = (XLO/BRO)
are purposely made small relative to the high Q circuit. Of
course, this will reduce power amplification so a pair of
LCx250B's are uéed‘in parallel. Note, now CCTI = 37.0 pf,

CCGP = 0.08 pf and‘CCTO = 9.4 pf. (l.e. double Lhe values of

one tube). 'The larger value of CCTI will restrict the size of

X however, a low'Q|N is desired so that a smaller XLl is

Li’
perfectly acceptable. Coils were wound such that XLl = 42 Q

and X 0= 53 0 at f = 56 MHz.
_ )

L

For maximum power transfer into the amplifier, no lumped

input resistor, RIl, was used and a QlN = 80.0 was assummed--
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= 0.53 Q. An R,. = 1.0, 5 watt

yielding a ''distributed" R RO

Ri
resistor was placed in series with XLO such that QOUT = 53.0.

From equations 1 and 2 of Figure 21, wnthlZlNl=IZOUT|= 50.0 @,
the initial estimates are calculated in pf: CCII = 40.0,
( CCZI = 549.0 and cClO = 652.4, Cc20 = 398.0.

Again variable capacitors (with padding) whose tuning
ranges span these values are used. Under dynamic conditions,
tﬁe actual values of CCZI_and CCZO would be smaller for reasons

discussed above.

E. Tube Biasing

Discussions of biasing (i.e. applied DC voltages) are beyond
the scope of this Chapter. The Radio Amateur's Handbook (18)
contains a good discussion of this topic. The 4CX250B tubes
are operated class AB; (linear amplification). This condition
is set by a grid voltage of -75.0 volits and a screen voltage
of .+300.0 volts. Both of these voltages should be well-regulated.

In a tetrode, ‘linear amplifier, both the plate and screen
voltages should be fairjy constant; however, the screen voltage
is the much more critical of the twoband should be well-regulated.
Likewise, the control-grid biasing voltage should also be well-
regulated'to prevént unnecessary modulations which could lead
té unwanted frequenc}es, noise and power losses. Voltage-regulator
tubes,VR!SO\and VR75, are incorporatgd into these amplifiers to

minimize such fluctuations as shown in Figures 22 and 25.
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Biasing class AB, will produce linear amplification.
Driving power is small since the tube does not draw control-
grid.CUrrent. Between pulse cycles, plate current will be
small (< 10.0 ma); consequently, power dissipation will be
small (for pu{sed operation, of course). ASin;e these amplifiers
-are linear, amplitude modulated signals will not be distorted

after amplification.

F. Amplifier Neutralization

A suitable phase shifting network is usually connected
between the plate and control grid circuits to cancel out any
M'feed thru'' effects which may produce unstable operations.
This process is called neutralization (18). Improper
vheutralization can result in self oscillations, harmonics and
other spurious effects.

In these designs, a small wire (represenfing a capacitor,
CN) is-positionéd near the tube. With no DC plate voltage
applied, the length and position ofAthis wire are adjusted so
that there is minimum “fgéd throughﬁ'signal.at fo in the output
circuit. An oscilloscope is used to monitor the output circuit.

In the low Q design, three symmetrically placed, shorted
quarterwavelengths (X/q) of ;ransﬁission line are used to

suppress 60 cycle, harmonics and other noises at the output.
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G. Amplifier Construction

Schematic diagrams of both the high Q and Iow~Q amplifiers
are shown in Figures 22 and 25 respectively. Figures 23, 24,
26 and 27 show actual pictures of the two amplifiers described
in this Chapter with major components indentified.

Good design procedures usually have compact layouts
(minimum unnecessary wire). Input and output tank (i.e. tuned)
circuits should be well shielded from each other. A special
tube socket with a built-in screen bypass capacitor is available
for the 4CX250B tetrodes--although ""home brew'' sockets were
fabricated for these designs; The screen-grid clip was a metal
harness suppérted by four symmetrically placed 1500 pf capacitors
grounded to the chassfs. HeéterAvoltages should be critically
set at 6.0 VAC as overvoltages, however slight, may cause cathode
bOmbadeeﬁt.(l7). The tubes shoq]d be air cogled with an

adequate blower.

H. Amplifier Performance

1. High g;design

| With a DC plate voltage of 1700 vojts and a driving power
of 4.6 RMS wétts (pulsed operation, 2.0 usec pulse widths), an
ouput powgrvof LOO RMS watts was measured. The power gain, G,
is 37 (19.4 dB). Ringdown time is defiﬁea as the time for
receiver noise to prédéminate following the end of the pulse.

Ringdown lasted for 8 usec.
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The schematic diagram of the high Q, RF power amplifier
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Figure 23.

A front view of

the high

Q, RF power amplifier

L9



UNDER CHASSIS

Figure 24.

A top view of the high

o

Q, RF power ampiifier
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A front view of the low Q, RF power amplifier
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In Double-Resonance experiments, this amplifier is used
with a Heathkit HP-23B power supply (20) which supplies both
biases and a DC high voltage of 820 volts. With this power
supply, the amplifier delivered 21 msec pulses of 180 RMS watts

with little droop.

2. Low Q design

With a DC plate voltage of 1700 volts and a driving power
of 4.6 RMS watts (pulsed operation, 2.0 usec pulse widths), an
output power of 410 RMS watts (G = 19.5 dB) was measured.
Ringdown lasted 3.9 usec.

Operating under the MREV-8 pulse sequence (2) a cycle
time as low as tC = 24 psec could be achieved; however, cycle
t;mes of 30 psec produce the best (S + N)/N. These cycle times
are ‘indicative of a '"viewing window', tc/6, between 4 and 5

usec wide=-consistent with the measured ringdown tlime.
I. Lumped Equivalent Circuits of Transmission Lines

1. Introduction

The use of quarterwavelengths (A/;) of transmission line
terminated in crossed diodgs is a well=-known method for achieving
receﬁ;ér iso[ation and rapid switching. However, such transmission
lines have convenient lengths only at relatively high frequencies
(i.é. > 30 MHz). vAt lower‘frequencies cable lengths become

inconveniently long. For instance, A/, for RG58C/U cable is

P
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351 cm. at 14.1 MHz. These ang lengths can result in noisg
pickup and power losses. |Interestingly, the'lumped-w and
T-equivalents of A/, and 3%/4 transmission lines, respectively,
offer comparable rapid switching and isolation but with a
compact size. Figure 28 shows a lTumped (A/4) n-equivalent circuit
for 14.1 MHz.

Transmission lines when properly terminated are very
broadbanded and offer very little opposition to any signal,
although atténuation usuaily incre#ses with frequency. On the
other hand, thg lumped equivalent circuits are only *'transmission-
line;likeﬁ in a very narrow frequency'range about their center
frequency, fo. At frequgncies removgd from fo’ the (/)
n-equivaleﬁt-bahaves like a low-pass filter and the(3x/u)
T-equivalent, like a high-pass filter. These properties are
useful since‘these ciﬁpuits can be designed as RF switches
(with the use of crossed diodes to ground) at one frequency
and as filters (high or low-pass) over a second frequency range.

‘ Tﬁgse remarkable circuits find use in Double-Resonance
experiments Qhere the high-%requency decoﬁpling pulse must be
suppres;ed to record the low-frequency NMR signal. In such
experiments, the (A/,) n-equivalent is used foF an RF switch
ana a low-pass fiiter (removes ﬂigh frequencies) while the
(37/,) T-équivaleﬁt }5 used as a high-pass filter (removes low
frequencies) at the output of the high-frequency power

amplifier.



Figure 28.

A picture o° a lumped quarter wave at 14.1 MHz
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2. Theory

The top half of Figure 29 shows the general ''black box'
\n and T-equivalent circuits of a length, D (in wavelength at fo),
of transmission line of characteristic impedance, Zo (6). The
bottom half of Figure 29 shows the (A/,)n-equivalent (D = 1/4)
and(3X/,) T-equivalent (D = 3/4) '"lumped" circuits. XL and XC
are the inductive and capacitive reactances of the respective
components. As can be seen, the values of the reactances XC
and XL equal the characteristic impedance, Zo’ of the equivalent
transmission line.

The ideal Q of the(}/u)w-equivalent at fo can be calculated
in a manner similar to that of the resonantcircuits. First,
each pqrtis Ferminated in its'characteristic impedance, ZO
(purely resistiQe). Circuit-theory.analysis shows that this
terminatiéﬁ is equivalent to placing a resistance of RL = Z°
in series with the inductive reactance. The Q of a series-
fesonant circuit is simply the ratio of the inductive reactance
to the series resistance or QSERIES = XL/RL = 1. | .

The ideal Q of the(3%/,) T-equivalent can be calculated
in simila( manne? except now the termination;—are equivalent to
placing a resistance of RL = Zo in parallel with the inductive
reactance. The Q of a parallel-fesonant circuit is now the

ratio of the parallel resistance to the inductive reactance

or Q” = RL/XL =1 also. These lowAQ's are indicative of
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rel;tively broadbanded frequgncy response and fast recovery--
which is to be expected since these circuits are supposed to
"mimic' transmission lines.

The properties of these symmetrical lumped circuits are
identical to those of A/y and 3*/4 wavelengths of transmission
line only at freguency fo. Points "a'' and ''b" are shown in
Figure 29. If point "b" is an open circuit, then point '"a"
will be a shorted circuit (i.e. will act as a low-impedance
‘point) and vice versa. |If point '""b" is terminated in Z, (resistive),
then the impedance at point '"a'" will be Zo (resistive). For all
other iﬁpedances, these cfrCuits behave as impedance transformers,
i.e., Zazb = Zoz. Atlfrequencies other than fo, the (A/4)

m-equivalent behaves 1ike a low-pass filter and the(31/,)

T-equivalent, like a‘high-pass filter.

3. Construction and tuning

The construction and tuning of a Zo = 50 ohm, (A/y) m-equivalent
tumped cireuit at fo = 14.1 MHz will be explained. First a coil
is wound such that its inductive reactance, XL, is 50 © at
14.1 MHz. This inductor was 18 mm long by 6 mm wide (i.d.)
which had 14 turns of #18 enamelled copper wire. The values
of capacitances are determined by Cc = (21rf=020)—1 or Cc = 226 pf.
Small ceramic variable capacitors (15-60 pf) padded with microwave-

grade fixed ceramics (16) were used. A compact assembly in a
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small box (Pomona 3752) (21) was made and the completed circuit
is shown in Figure 28.

Tuning follows a repetitive procedure. A vector impedance
méter is used to measure impedances. For a(A/y)m-equivalent,
one pbrt is shorted, and the capacitor at the other port is tuned
for highest impedance and vice versa. The procedure is repeated
until each port shows high impedance with the other port shorted.
For the(3A/Q T-equivalent, the procedure is similar--only now
the capacitor near the port with the shorted circuit is tuned

for high impedance at the other port and vice versa, etc.

4, Performances

Performaﬁces were measured for the(A/y) m-equivalent circuit
~at 4.1 and 56.0 MHz--two popular frequencies for 'H-13C Double
Resonahée in our laboratory. The circuit was found to have

0.08 dB of insertion loss at 14.1 MHz; whereas, the loss of an
actual A/y of RG58 C/U was found to be 0.11 dB. When terminated

in four t}ossed diodes (IN914B), the 14.1 MHz RF pulse was
attenuated by approximately 40 dB. The A/y of cable gave about

L6 dB attenuation. At 56.0 MHz, the circuit was found t§ have

38 dB attenuation when terminated in a 50 Q Ioaa. Under identical
conditions; the above A/q of cable showed only 0.15 dB attenuation.

The circuit's large attenuation at frequencies far removed from
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fo is very useful in preventing strong decoupling pulses from
overloading the front end of the receiver during Double-Resonance’

experiments.
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V. DIGITAL FILTERING AND DECOMPOSITION OF NMR ABSORPTION SPECTRA

A. Introduction

This Chapfer begins wifh a discussion of the general concepts
and applications of a digital filtering technique which is a
valuablé'mgthod for extracting information from noisy NMR (1-4)
signals. The “mechanic§'0f a simple, single-pulse, NMR experiment
are shown in Figure 30. An RF pulse will nutate an equilibrium
magnetization. The disturbed spin system will return to its
original equilibrium via two mechanisms: T, (transverse or
x-y relaxation) and T; (longitudinal or'z relaxation).

The T, magnetization generates a decaying signal, known
as the FID, in the NMR coil. The Fourier Transform of the FID
yields the NMR.spectrum. Of‘course, when small samples of low
ébundance nuclei (suchAag 13C in coals) are studied, such signals
may be noisy. The technique of digital filtering is also useful
for establishing aﬁ accurate base line for numerical integratioﬁ
of such poisy signals. A list of spin = 1/2 nuclei, percent
natﬁfal abundance and Larmor frequenc}es is shown in Figure 31.

The Efocess of exbonential fil£;ring or multipliéation of
a fime signal by an expénential fdnction (sometimes called
taperi&g) is well-known (h); The technique described in this
Chapter combines tapéring with the application of a bandpass
filter. The bandpass filter eliminates possible contributions

from artifacts before the application of the exponential filter.
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I=% NUCLEI
NUCLEUS ° NATURAL ABUNDANCE Li{MHzZ) AT H=13.15 KGs
'H . 99.98 % 56.02 MHz
s ’He 0.00013 42.68
e 1,11 14,09
s N« 0.37 5.68
PF 1000 52,70
s z?Si 4,70 11,13
P 100.0 22.68
*"Fe 2.21 1.82
"se 7.54 10.70
s %%y 100.0 2.75
s '°Rh 100.0 1,76
s ' 51.58 2.27
s '®Ag 48.42 2.61
s ''cd 12,81 11,88
s "cd 12.30 12,42
s "®sn 0.35 18.41
s ''"sp 7.63 19,96
T 8.63 20.88
s 271 0.88 14 .68
s 'Te 7 .01 17.70
'O%e « 26.34 15.50
s "% Tm 100,0 4.59
"Yb ¢ | 14,29 9.88
1w 14 .24 2.30
"*os 1,64 1.29
'93py 33.80 12.04
P9Hg . 16.85 10.02
2031 29,51 32,01
25T 70.49 32,33
%75y | 21.86 11,71
. "5 ¢ 121 2, 14N '31xe 20|Hg '”Yh legos
Figure 31. Information about spin = 1/2 nuclei
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Thus, greater sensitivify can be directed toward weak absorption
signals, with resultant enhancement of accuracy in integrated
amplitudes.

This filter is directly applied to data sets in the frequency
domain through the use of numericél convolution, also herein
described. Interestingly, this filtering technique can be
generalized to any type of data set.

Properties of the Fourier Transform as well as properties
of the Lorentzian and Gaussian lineshapes are also discussed.

Finally, thi; Chapter discusses the use of lineshape-fitting
techniqués to décompose NMﬁ absorbtion spectra into Lorentzian
and/or Gaqssian componentg. This procedure is useful for
appllcatlons to NMR spectra Wthh contain overlappung absorption
lines. Spectral decomposntlon is especually valuable in solld
state NMR where areas under overlapping spectral peaks must be
estimated.

The technique of digital Filtéring and spectral decomposition,
as discussed in this Chapter, have béep developed into FORTRAN

computer programs which have been described in detail elsewhere (22).
B. Properties of the Fourier Transform

1. Deflnltvons

The Fourier Transform (FT) can be regarded as a mapping

operation between any two reciprocal domains. In NMR research
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the domains are time and frequency (or shift). The Fourier
Transfo;m, G(w) of a function g(t) is defined as follows:
6w = /7 g(t) eIVt gt (35)
The inverse Fourier Transform is given by the relation:
9(t) = 5= 17 6(u) &y (36)

The variable, w, is the frequency in radians sec—l;
w = 2x7f, where f is the more common frequency in Hertz. Lower
case letters are normally use& for time functions and upper
case letters,fer frequency functions. Some useful properties
of the FT are listedlin Figure 32; Useful transform pairs are
Ifsted'ie Figure 33. Coober and McGillem (23), Roden (24) and
Chempeney (iSj have preéared more elaborate tables which show
additional FT's and properties. Also, Bloomfield (26) has
described techniques for ?ourier analyses. |

The exponential e—j“’t is reducible via Euler's identity
to (cos wt - j sin wt). fhe cosine transform is usually called
the real eransform and the negative sine transform, the imaginary
transform. The real and imaginafy transforms are a quadrature
pair since they represent infermation separated by a -90° phase
delay in the complex plane. |

Since any real (i.e. causal) time function is neither an
even‘nor,odd function about t = 0, its Fourier Transform will
be complex. In common terminology used in NMR, the real part

of the transform is called the absorption and the imaginary

part, the dispersion.
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FOURIER TRANSFORM RELATIONS
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Figure 32.

Properties of the Fourier

Transform
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2. Multiplication and convolution

An interesting and useful pair of FT operations is multiplication
and convolution. When time functions are multiplied, their
Fourier Transforms are convoluted. The mathematical definition
is:
° ~jut ¢ s N(c” - .
o n(t) « 1(t) e dt = f S o N67) Lo -0%) dov  (37) -
w

Here o and o~ are used to specify a dimensionless shift-axis, g = 2nf
0

Reciprocally, when two frequency functfons are multiplied, their
inverse Fourier Transforms are convoluted.

The process of convolution is relatively easily visualized
grahpicaily (or numerfcally) (24). In Figures 34 and 35, two
functions N{o) and L(c) are convoluted. Numerical convolution
inyolves a ''shift and sum'' mechanism which generates the
convoluted function; N(o)* Lt&). This new function possesses
qualities of both the original functions. In general, the
width of £he newly created function is closely related to the
sum of the widths of the original functions and ''sharp edges”
are smoothed. The technique of grapﬁical or numerical convolution

is easily performed with an algorithm on a digital computer.

3. Sidelobes

. All time-data sampled in time must be finite and thus can
be considered as the product of some theoretical lineshape of
of infinite duration multiplied by a rectangular sampling window.

The Fourier Transform of this window is shown in Figure 36.
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CONVOLUTION

1 ]

1 1
o
Figure 34. An example of numerical or graphical convolution



89

GRAPHICAL CONVOLUTION
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Figure 35. The '"'mechanics'' of the convolution of the functions
of Figure 34 '



Figure 36. The Fourier Transform of the rectangular sampling window
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Both the real and imaginary parts of any Fourier Transform
can be generated by convoluting the theoretical real transform
with the window's transforms shown in Figure 36. The width of
the window must be chosen sufficiently large so that sidelobes,
which-are products of 'windowing'', are small. The imaginary
transforms of both the Lorentzian and Gaussiaﬁ lineshapes, shown
~in Figure 37 were generated in this manner.

If the length (T) of this window is made too short such
that the full width of the windbw's real transform is comparable

- to the absorption line's full width:

0.6025 _ 1.0
T —TI'TZ

or:

T~ 2T,
then sidelobés will start to become very apparent in the FT
lineshape. Consequently thé length;:T, of the sampled data

should always be:

T >> A2T2 (38)

L., PRelationship between initial amplitude and area

Parseval's Theorem:
/7 g(t) h(t) dt =7 G(f) H(-f) df (39)
(which can be derived by equating: 1/2n f:oG(“,') H(w-w) do
with:/f; g(t) h(t) e‘jaﬁ dt at w = 0) can be used to demonstrate
the property that the area under any absorption (i.e. real FT)

is proportional to the value of the time function at t = 0.
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Since the imaginary transform is always an odd function of
frequency, it will make no contribution to the total area of
the transform. Thus, only even time functions, which produce
only real transform (absorptions), need be considered without
loss of generality to all time functions.

The time, t = 0, can be selected by specifying h(t) as a
unit-area delga function:

h(t) = 6(t) = » t=0

260t = 1

0 t¢¥0

The delta functién can be assumed to be an even function
abouf t = 0 without loss of generality for reasons discussed
above. Its Fourier Transform, H(f), wili be a real constant,
k, and equation 39 will reduce to:

- - g(0) = kS7_ G(f) df (40)
Any causal (i.e. only t >0 allowed) function, g (t), can always
be assumed an ‘even function ofvtime without loss of generality.
TBerefore, G(f) will be a real transform (i.e. an absorption)
and its area will be pfoportional to the initial value of the
FID (free induction_decay), g(t). The constant, k, has the
following values:

1 or

)
8
A

[ad
A

B8
x

1]

0<t<w, k=2
A somewhat similar deduction can be made relating G(0) to the

integral of the function, g(t).
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It is interesting to note that, in general, processes which
affect amplitudes in the time dohain reflect themselves as
processes which affect widths (or akess) in the frequency domain.
The same argument can be said about processes which affect
amplitudes in the frequency domain. Thfs relationship can be
generalized as a sort of width, ipverse-width transform pair.
An example of this phenomenon may be seen in the window function
shown in Figure 36. As T approaches infinity, i.e., a horizontal
incrément, the real Fourier Transform approaches a delta function,

i.e., a vertical increment.

C. "Theoretical Lineshapes of Lorentzians and Gaussians

The lineshapes of Lorentzians and Gaussians have many uses
in NMR analyses. Figure 37 shows the theoretical appearances
of these lineshapes in the time and frequency domains. [n the
time domain they serve as models for NMR decays with the relaxation
constant, T,. {In the frequency domain, these lineshapes can be
used to resolv¢ overlapping lines, to broaden the NMR powder
pattern, to digitally filter a noisy data set, to model correlation
functions, etc.

lf the signal in the time domain is the response to a single-
pulse excitation as shown in Figure 30, the lineshape is termed
a FID. The real Fourier Transform is referred to as the absorption
and the imaginary Transform, the dlsbersion. Figure 33 contains

the mathematical forms of some representative lineshapes. The
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relaxation constant, T,, is defined in Figure 37. With the
1 ineshapes repfesented by the mathematical forms of Figure 33
the area unaer each absorption (0 + =) is 1/4. However, the
total area in each real Fourier Transform is 1/2 since each
absorption is an even function of frequency. These areas are
1/2 the initial amplitudes of the FID since the Fourier
Transform is one sided, i.e.., b.O <t <~. As expected from
Parseval's Theorem discussed above, their areas are independent
of T,.

If a Gaussian and Lorentzian have the same initial amplitudes in
the‘time domain, they will enclose the same areas in the
ffequency doméin. Their maximum amplitudes and fufl widths (i.e.
their shape§) will depena on T,. For Gaussian and Lorentzian
absorptioﬁs of the same maximum amplitude§ an& full widths at half

/2 or 67.8% of

hefgﬁt, the Gaussian's area will be (TrJZ,nZ)-l
the Lorentzian's area. With an arﬁifrary‘amplitude the area
of the~absorption-becomgs proportiona] to both the amplitude
and full width, W: //_F"_

n2

Gaussian: Area = W - amplitude . — (41)

Lorentzian: Area = W . amplitude . n/2 (42)
D. Digital Filtering

1. Technique
The technique of digital filtering described in this Chapter

is most conveniently applied to Fourier-Transformed data sets
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(i.e., in the frequency domain). This technique also may be
~applied to data sets in the time domain. The procegs of digital
filtering is graphically depicted in Figure 38 v(frequency
domain) and Figure 39 (time domain).

In the frequency domain, the process involves the multiplication
of the raw data by'a bandpass filter followed by convolution
with a broadening function (exponential filter). The equivalent
process in the time domain involves convolution of the raw data with
the inverse FT of the bandpass fflter (sometimes termed its
impulse response) followed by multip]jcation by the inverse
Fpurier Transform of the broadening function. The broadening
function is usually, but not necessarily, an exponential decay

.in the time domain. |

In order to prevent~serious distortion of data, two criteria
are used. First; the cenfer frequency, fc, and width, W, of
the bandpass filter must‘be such that the appropriate spectral
region is selected. Second, the width of the broadening function
(exponential filter) must be such that absorptions are not
bfoadenéd to the point where overlapping éccurs. |

The simultaneous use of both a Baﬁdpass and exponential
filter has an important advantage over the widely used practice
of just exponential filtering. THe bandpass filter will select
only the spectral region of‘interest. This féature is very
important when large transients and other noise lfe close to

the spectral region one wishes to observe.. These spurious



DIGITAL

FILTERING: FREQUENCY

8
T
w . (SMOOTHING FUNCTION)
=1 .
] BANDPASS FILTER EXPONENTIAL FILTER
a.07
=
<l pe=m————- W ——— - — —
3 N FuLL wipth =
: 50 HZ , LORENTZIAN
2
d 'MULTIPLY and CONVOLUTE
g. " L
°°.W 4.00 8.00 I‘Z.W L’G.Uﬂ E'D 00 'MOU '22‘0‘0!! 32.00 3’300 :‘IETO ﬁ-;i.ﬂu ﬁ-B.ﬂﬂ -:4.00 ﬂ’.ﬂﬂ ’4'.00 '2 8'.00 I'ZAOU I'S.OD E'D.Uﬂ
¢hea CmenTz §'%10 FREQ (HEATZ )X 10
BE A A
MO NOISE: AREA(-——)= 0.60 AREA (—) = 0.58
. A+B : A+B
g FULL WIDTH = FULL WIDTH =
5| RAW 150 HZ 200 Hz
| DATA 7 S g FILTERED
pd - ﬁ DATA
A 8
& l S S - -
“0.00 .00 s.00 1200 1so0 20 2u 0 v. . 0. -226.00  32.00  38.0C  40.d0

Figure 38.

T T T T T T T
'y, 00 ‘225.00 2. 36.00 4g.00 v.00 4.00 8.00 12.00 16 . 20.00 24.00
X rhee CiERTz I'X10

An example of digital filtering in the frequency domain

L6



DIGITAL FILTERING:

1,00
-t

0.80
e

2] BANDPASS FILTER
. 0.8 - 3.2 KHZ

ppramrner

PAAAAANANW

0.0 RH};!.J‘YUOE 0.0

| CONVOLUTE | and
81 .

‘o8 0.0 s 0.3 —:’:ﬁnﬂE ‘@ﬁuﬂi«usi"w ] n'xu;oz azm. 0%

8

- TIME

EXPONENTIAL FILTER
T2= 6,37 msec,
LORENTZIAN

-0.56

(SMOOTHING FUNCTION)

MULTIPLY

.3 o.s50 ..00 .50 !'FINE ('S'E%UNDSg'x :,si103«.no u.S0 s.00

P ‘r2 = 1.59 msec

8 AR . |

] A ! . :
§W 1 ‘, ] ',‘/ '-,/’, ".“'-~“ ," ‘.‘. ",’ \\., ~ ~ .
1AV AT

tH Vo it

ARET IR RAW FILTERED
%4 Y ]

s .‘,," “‘-J" © 1 wirH sinusomAL NOISE DATA DATA

94 '\,'

g

0.00 0.%0 [N} 1.5 Lf: E (‘S’&BNDS.}‘“ 1§1°3u,n % s.00

T T — y T T g T T "o v
0.00 0.%0 1.00 1.50 !.ﬁ e (g.éﬂco"nsi.w )?,oah oo 8 o0

Figure 39. An exarple of digital filtering in the time domain

86



99

artifacts may be removed from the spectrum and thus cannot lead
to possible distortions following the abplication of the
broadening function (exponential filter).

It should be particularly noted that every FT amplitude
which results frém the Fourier Transform of a time spectrum
- which has been multiplied by some non-constant function will
‘now contain weighted contributions from all the original FT
amplitudes. This phenomenon can be seen in the ""mechanics''
of convolution shown in Figure 33.

If there are large transients inlthe original timg-data,
there is a.possibility‘of artifacté, such as sinugoidal baselines,
in the frequency spectrum. Such a case is especially likely in
solid state NMR where the shortest recovery times are needed
and artifacts from RF ringdowns may be severe. For such data,
it is convenient to perform the exponential filtering(smoothing) in the
frequency domain (via convolution of a brqadening function).

A bandpasé fiiter can be usea to select only the spectral region
of interest. Therefore, artificial contributions to integrated
amplitudes will be minimized.

The concept of digitalAfiltering is easy to visualize in
terms of the widths of the absorption and noise. The noise is
usually, but not hecessérily, impulsive in the frequency domain and
correlated over a small frequency interval. Convoluting with

the broadening.function is very similar to performing a weighted
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smoothing over the entire spectral region; the width of the
broadening function determines the weighting coefficients.

The process of convolution with a broadening funcfion
(or multiplication by an exponential in the time domain) will
not change relative areas; however, it will broaden and thus
alter amplitudes and widths. Useful filtering occurs when the
width of the broadening function is much greater than the average
width of the noise but much less than the width of the absorption.

The noise will be smeared, leaving a slightly broadened absorption.

2. Applications

" An example of the use of the digftal filtering process is
shown in Figure 40. 1In the frequency (or shift) domain, the
application of a bandpass filter is a simple process--only data
ofAintérest are selected from the entire data set. The original,
noisy data of Figure 40 is convoluted with a Lorentziap bFoadening
fuﬁction of half width, W/2 = 150.0 Hz. Besides attenuating
and smoothing the impulsivé noise, the filtering, more importantly,
clearly establi;hes a base line for numerical integration. The
proper base line is not at all apparent in the unfiltered data
~of Figure 40. |

Figuré L1 shows a filter-calibration graph, In this graph
the relative area, fa (;alled the fraction aromaticity), under the
NMR absorption peak associated with the aromatic 13C of a solid

coal, is plotted vs. half width at half height for both Lorentzian

“
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and Gaussian filters applied to the original, noisy data shown
in Figure 40. The concentrations of aromatic, ar, and aliphatic,
al, 13C nuclear species are assumed proportional to the area

under the appropriate absorptions and

- ion (—2ar '
fa = concentration (ar — al)
= area (—2—) (43)

ar + al

3. Behavior

The effect of the filtering process on the calculated absorption
areas can be separated into three cases. In the first case
(to the left of the dashed lines in Figure 41), the half widths
of the filters are too small. The noise contributions and
base<l ine uncertainties cause ‘the area of the aliphatic peak to
be somewhat larger and thus the fa's are lower. In the second
regioﬁ (dashed lines of Figure 41), the half widths of the filters
are such that relatively constant areas and fa's are calculated,
In the third regfon (to the right of the dashed lines of Figure 41),
the half widths of the filters are too large and the two peaks
begin to overlép--resqlting in attenuation of the aliphatic
peak'aﬁd higher fa's.

The fa values of the Lorentzian are consistently higher
than those of the Gaussian. The Lorentziaﬁ lineshape has longer
tails than the Gaussian and produces a slightly higher baseline.
Sincé the aliphatic absorption occupies less area, the higher

baseline will result in slightly less area for the aliphatic
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absorption and consequently slightly higher fa values. " In
general, as the signal-to-noise improves thé half width required
to reach the plateau (dashed lines of Figure 41) and constant

fa decreases.

The digital filtering technique (frequency domain)'is quite
general and can be applied to any type of sequential data. The
units of the axis are arbitrary since the theory may be formulated
for dimensionless axes such as a shift axis. A computer program
which performs this filtering along with numerical integration

has been described elsewhere (22).

‘E. Resolving an Absorption Spectrum into
Lorentzian and Gaussian Components

The absorption lineshapes of the Lorentzian and Gaussian
lines whicH<are‘described in section C and displayed in Figure 37
are sometimes useful as models to resolve overlapping NMR
absofption—lines. Each ]ineshape is defined by three parameters:
an amp]itudé, A, a full width at half height, W, and a location,
fo’ on some a*is (frequency or shift). Standard procedure involves
supglying initial guesses for the three parameters. A computer
program is used to statistically optimize these value; via a
non-linear least-squares algorithm (Levenberg-Marquardt, for
example) until a specified conQergence condition is established.

Useful information such as the T, of the FID and the area

under a given absorption can be deduced from the parameters'A
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and W of each résolved absorption. An example of the use of
this technique is shown in Figure 42.. This spectrum shows the
current state-of-the-art resolution for solid state, 14 NMR
taken by L. M. Ryan of this laboratory.

Both Multiple Pulse (MP) (2, 3) to remove the static dipolar
coupling, and Magic-Angle Spinning (MAS) (2, 3) to remove shift
anisotropy, are combined to produce this relatively high resolution
spectrum of protons in the solid state. The aromatic and aliphatic
proton absorptions are not resolved in situ. However, they are
completely resolved into the Lorentzian components shown super-
imposed on the spéctrum. The percent areas under these absorptions
-which are'proportional to the number of a specific kind of
proton to the total number of protons in the model compound are
shown to agree quite closely with the theoretical values in
parentheses. The coﬁputer program which performs this fitting

and decomposition has been described elsewhere (22).
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VI. THE LINESHAPE OF THE SHIELDING TENSOR

A. Introduction
In the absence of dipolar interactions, the NMR absorption
spectrum of a spin = 1/2 nucleus, in a powdered solid sample,
e.g. 13 in c0(s) (27-29), results from the interaction:

H = -?3ﬁ; where H_is a vector which represents both the magnitude

and direction of the extern;l magnetic field and o is a second-
rank tensor called the shielding tensor. The spectrum under
these conditions is usually called the '"Powder Pattern'' (27,
28, 2, 3).

In liquids, where isotropic molecular motion is rapid on
a time scale compared to that of the dipolar interaction, dipblar
interactions are averaged to zero and shielding anisotropies
are averaged to yield a single line at the isotropic value of
the shielding tensor. To illustrate these ideas, a comparison‘
‘of lineshapes under conditions where: a) dipolar and shielding
interactions are motionally averaged, b) dipolar in;eractions
dominate, c) the shlelding anisotropy dominates and d) both
dipolar and shielding interactions are averagedto zero is
shown iﬁ Figure 43.

For many nuclei in the_solid state, static dipolar interactions,
e.gi between 1H and H in H,0(s) or !H and 13C in CeHg (s) are
much larger than shielding anisofropies. Broad, rather featureless

NMR spectra result for such nuclei in powdered solids. Information
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about shielding anisotropies is not available from such systems
~ without the use of some decoupling technique (2, 3, 28, 30-40).

Rare spins such as 13¢c, 295i or 15N only require a strong
RF field applied to the abundant spins (e.g. H) to decouple
all heteronuclear neighbors. Since few homonuclear nearest
neighbors are present, the lineshape of the Powder Pattern
associated with shielding anisotropy is observed under these
conditions. With the advent of Multiple-Pulse homonuclear
decoupling experiments (2, 3, 28, 30-40), a laboratory-controlled
manipulation of the homonuclear dipolar Hamiltonian can be
achjeved‘in such a way that thg static homonuclear dipolar
coupling is removed. This technique i; discussed in Chapter VII.
Thus, useful Powder Patterns are now being recorded for abundant
spins such as H and 19F.

-The origins of the shielding Powder Péttern haye been well
discussed in the literature (27, 28, 2; 3). It is characterized
by three components:‘ 011, 022 and o33, which are called the
principal ;omponents of the diagonalized shift (Knight or
Chemical) tensor. Figure 44 shows the theoretical lineshapes
Afor.a non-symmetric tensor‘and.an axially symmetric tensor for
which two of the three components are equal (f.e. o =011 =
022 and o = 033)- .

This Chapter Qill present a derivation of the theoretical
lineshape of a Powder Pattern which was first derived by

Bloembergen and Rowland (27) in 1953. Additionally, the concept
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of graphical convolution and its use to Eroaden the theoretical
lineshape is discussed. Also, the effect of assigning a finite
value to the discontinuity <in the theoretical lineshape is
explored. This Chapter is a slightly hodified version of a

D. 0. E. report which describes the technique of computerized-
fitting of the Powder-Pattern lineshape to experimental data (41).
This technique is a very useful means of estimating the tensor
componepts when residual broadening is present. The shielding
anisotropies of the lH tensors in the hydrides of zirconium
halides kSeg Chapter VIl) were inferred from computerized-fitting
(41) of tHéCT#neshape of the Pdwde% Pattern. Also, theunsymmetric
properties ofvthis lineshape make it a useful model to decompose

" the overlapping lineshapes and estimate the aromatic fraction

of carbon in whole coals (See Chapter 1X).
B. The Linéshape of the Powder Pattern

1. Calculation of the theoretical lineshape of the absorption

The observed frequency or shift? g, of the NMR absorption
for a particular nucleus in a single crystal with axes X, Y, Z
orignted with sphericallpolar angles 9, ¢ to the extérnal field,'
HO,:is'related'(Z, 28, 42) to the six components of a symmetric

shift tensor, g, by the equation:
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"0 = 033 cos?e + %(011 + 0y1) sin?e (4b)
+ %4011 - g57) sin?@ cos 2¢
+ 012 sin2@sin 2¢
+ 013 sin6 cos B cos ¢
+ 2 033 sinBcos0sing

The six quantities: o3y, 012, 013, 022, Op3 and o33, are the
Cartesian compénents of the secénd-rank shift tensor. Only
the symmetric tensor (2) which produces non-symmetric, axially
symmetric and isofropic lineshapes is considered. The pictoral
definitions of these anéles and the réference axes are shown

in Figure 45.

A finely crushed powder can be considered a completely
random orientation of very small ciystallites (many, X. Y, Z
axes).l 0f course, the orientation of the magnetic field, ﬁo’
will be different for each tiny crystallite. The orientation
of the magnetiﬁvfjeld, ﬁo’ with respect td‘the érystallographic
axe§ of each (of the many) crystallites will determine the
exact resonance‘(or shift) for the particufgr ;rystallite
(equation 4&).

It is,conQenient to define the spherical polar angles
8 and ¢ to specif? the:nrientation of the magnetic field with
respect to the principal axes of the shift tensor of each

crystallite as shown in Figure 45. Thué, the angles 6 and ¢
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are now assumed té be the appropriate angles which always specify
orientations from the same reference frame inside of all
crystallites. For instance, with this treatment, the location
of the external field will occur at different locations in
Figure 45 for crystallites with different orientations of.their
principal axes with respect to Ho' In addition, non-diagonal
tensor elements are identically zero for specification of
@ and ¢ in this manner and equation 44 reduces to:
'0 = 033 cos?9 +-%(011 + 032) sin?e
+ %(011 - 022) sin26cos 2 ¢ (45)
This equation can be reérrénged to:
o = 011 5in26cos2¢ + g9y sin268sin? ¢
+ 033 cos?9 - ' (46)
The lineshape of the Powder Pattern results from the
weighted distribution of frequency (or éhift) information.
This information is stored‘in the inherent anisotropy (i.e.
range of_shifts for a given nuéieus) wHich is the same for all
crysta]lifes. The angles (8; ¢) and the random oricntation
of crystaflites are the weighting factors which spread this
information between the largést value, ¢33, and the.smallest
values, o;;- This distribution is displayed as the spectral
amplitude vs. frequency (or‘shift) which is the Iinéshape of
the Powder Pattern.
A completely random'orfentation of all.crystallites is

assumed such that all allowed vaiues of 8 and ¢ aré equally
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probable (i.e., N(8, ¢) is a'constant). With such a distribution
one can use Calculus to show that the number of crystallites
fér which the external field, ﬁo’ is oriented between infinitesmal
angles: 6, 6 + d6 and ¢, ¢ + d¢ is proportional to sin6d6dé¢.
This number of crystallites will contribute to an infinitesmal
element of area, N{o)do, of the lineshape or:

N(o)do o sin6ded¢ ‘ - (47)
In the féllowing.derivations, most equations will be written
églproportions ("a'") to signify the presence of some suitable
normalization constant.

If 6 is hela fixed then:
| N(o)y o (597

Equation 46 yields:

5%46 a (0y9 - 011) sin? esinkbCOS ) | (48a)
Also from equation 46:
' o A ] .

NP x1 g - 011 _ (C33 - 011 2,12 Qiy
Slnd) sing [ 022 ~- 011 ~(022 - 011) cos e] (ABb)

. ) | |

Lot 0220 =0 033 = 022y 2012
oS¢ = g Sao o1 + ey - 011) c0528] (48¢c)

'SubStitution of equations 48b and 48c .into 48a yields:

1

N(0)g & (@D Nal(o - 011) - (933 = o11) cos?al T+ (0
| 1
[(095 - o) + (033 = 095) cos?e] 2
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Since cos?¢ is bounded by the interval:
.0 < cos?¢ < 1

then the following inequalities follow from equatidn L8c:

2" 91l 5 cos20 > L~ %22 (48e)
033 - 011 033 = 022

Two cases must be considered. For:

011 £ 0 <022,

L7011 5 cos2g >0 (48F)

033 -~ 011 —
and for:
022 < 0 £ 033,

27911y cos2p > _0_"___02_2_. (48g)

033 - 011 — 033 G22
with:
and:

N(o)e‘= 0

outside of this interval.
The actual lineshape can be found by multiplyiﬁg equation
48d By sind and integrating over the permissible range of 6:
Nh)a}'Mc% sin96d®
This integral can be arranged into an ellipticAintegral of the
first kind (43) in the following manner.
| Beginning with 0117 < 0 < 029:

Let t = cos® and dt = -sin6do
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then: ‘
(8= 922 )7
033 - 011" |
N(o) o [(6 - 011) - (033 - 0711)t?] 2 . (49)
(I [(022 - o) + (033 - 025)t2] 2 dt
‘ 1 ]
Let b = (29112 a= (9227042
033 T 011 033 ~ 022
then: .
b
4 1 1 -1
N(o) o [(033 - 011) (033 - 072)] 2 (b2 - t2) 2 (a2 + t2) 2 4t (50)

0
This algebraic integral can be reduced to an elliptic integral

of the first kind (43) in the following way.

b .
A L
b2 - t2] 2 [a2 +t2] 2dt =g F (o, k) (51)
Y n
2 b2
g=[82+b2] : kz:;ﬁ—b_z
o ¢ . 1
¢ = cos (Y/b) Fl4, k) =f [V- k2 sinzx] Zax (52)
0 o

When ¢ = n/2, equation 52 is referred to as a complete elliptic

integral of the first kind.

The parameters: g, k and ¢ are related to the compohents of

o as follows:
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|

(033 = 022) (033 - 011)]2
{033 = o} {oz2 = 011)

1
(0 - 031) (933 = 022)42
(033 = 0) (o022 = o11)

g = [

and ¢ = cos Y0/b) = n/2.
Equation 50 reduces as follows. For:
011 £ 0 < 022,

we find: 1

1
-— /2 -—
N(o)a [(o33 = 0)(0g5 - 011)] 2;/. [l - k2sin2X] 2 dX, (53)
0

A similar deduction can be made for o5, < 0 < 033

In this case:

1
- [(0 - g)(oyyr = 0 )if
Z°33 = 0225io - c11)

and:
/2 ]

e - -]
N(o) a [(o33 = 022) (6 - 0;y)] 2 ;,. [1 - k2 sin2x] % dx (54)
L 0 _
and, of course,

N(c) = 0 for 0 < gy and o > o033

It should be noted that the lineshape is discontinous at o = 035,

2. The lineshape of an axially symmetric tensor

If two of the three components are equal, the tensor is
said to be axially symmetric. Let 0); < 035 = 033, and O = O11»
qL = 0gp = 033. The parameter k (in equation 52) will equal 0.
for all o and the value of the elliptic infegral will become

constant (= n/2) for all o.
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Equation 53 will then reduce to:
1

N(o) & [(o, = 0) (o) - o)1 (55)

which is the equation for the lineshape of an axially symmetric

.. < .
tensor with o“ qL

Similarly, let 011 = 022 < 033 and let O_L= 011 T 022 and
o, = 033 Equation 54 will reduce to: !
)
N(o) o [(o) - qL)(o - o)l " (56)

which is the equation for the liheshabe of an axially symmetric

tensor W'th‘qL < o”-

3. The lineshape of an isotropic tensor

If all three tensor components are equal, the tensor is

called isotropic. In this case:

ag. =0 =0 =
iso _ 11 = 022 = 033

In such a case, the lineshape will have only one point and will
be discontinuous there--mathematically, a delta function.

Then:

®0 =.c’iso‘ (57).

N(o)

N(g) =00 # o,

SO

L. Broadening of the theoretical lineshapes and graphical convolution

The lineshapes predicted by equations 53-57 are ideal and
are not observed experimentally--simply because the time waveform
(Free !nduction Decay, FID), whose Fourier Transform produces

the observed lineshape, must have a finite time duration. Some
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phenomena that shorten the lifetime of the FID are the residual
dipojar or quadfupolar relaxation mechanisms presént in the
‘chemical system, lifetime or T, broadening, magnetic field
inhomogeneities, noise, etc.

These phenomena can be accounted for by multiplication of the ideal
FID,vwhich is the inverse Fourier Transform of the theoretical
lineshape, by a decaying exponeﬁtial. A first-order decay is
called Lorentzian; a second-order decay, Gaussian. Multiplication
of two functioﬁé in the time domain fs identically equivalent
to convolution (24) of the Fourier Traﬁsforms of the two functions
fn fhé freqdency (o? shift) domain. The broadening function
of a Lorentzian line of fullvwidth at half height, W, may be
written:
L) a W+ )7 (58)
Similarly_Fér 5 Gaussian line of fu|l'width at half helgh£,

W, the broadening function may be written: '
. . , o
o) e (59)
The convolution ot theoretical 1ineshape, N(g), wilh Lhe
broadening function,_L(q); may be written:
033
N(c*) Lloc - 0°) do” = N(g) * L(q) (60)
011 ‘
The édnvolution integral (equation 60), while sometimes

very difficult to evaluate algebraically, is simple to evaluate
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numerically on a computer (41). The numerical convolution
technique will allow the use of cdmplicated broadening functions
which may be unsymmetric.

Graphical, or numerical, convolution can be regarded as a
”tranglating, multiplying and summing'' process. An explicit
example of this technique is shown in Figures 3& and 35. The
function, N(c), may be considered a Powder-Pattern-like lineshape.
The function L(c) may be regarded as the lineshape of a broadening-
like function. N(o) * L(o) is the graphical convolution of N(g)
and L(c). The complete stepwise process of graphical convolution
;imilar to one described by Roden (24) is shown in F%gure 35.

A bfief description of the précess follows. First, the
cénvoluting function L(q’) is reflected (-g°) through the
vertical axes; There will be no appa;enf change since L(-¢~)
is symmetric about this axis; Next L(g - ¢”) is offset as a
fuﬁctioq of the parameter, g, until neither N(¢”) nor L(g - o')
overlap. Finally L(o - 0’5 is swept in the direction of increasing
o” by increasing\the value of ¢. For each g, the two functions
ére multiplied and the area undér thg_product curve i; measured.
Each area value pr6duces one point? as a function of g, in the
convoluted function, N(g) * L(0). The size of the increment
of o can be made as small as required to produce enough points
to draw a smooth curve. The nine points generated by the graphical
convolution of Figure 35 are plotted as the convolution,

N(o) * L(c), in Figure 34.
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Thé technique bf.graphical convolution fs relatively easy
to perform on a computer where N(g) and L(g) would be represented
as point-wise, continuous functions with a sufficient number of
_points so that numerical integration (summing) techniques can
be used to calculate areas--resulting in very smooth, point-wise
convolutions. |

An interesting result of convolution--which can be seen
in Figure 35--is that each frequency (or shift) in the convoluted
lineshape receives a weighted contribution from all frequencies
(or shifts) in the original lineshape, N(g). The broadening
function detérmines the weighting. Also, convolution results
in a smoothing of the “sharp‘corners” and ''needle-like peaks“
of the théoretical linéshapes, N(o) and L(g).

The effects of increasing the full'width of the broadening
function are shown in Figure L6 Ouﬁﬁsyﬁmetrfctensor, Gaussian
broadening) and in Figufe 47 (axially symmetric tensor, Lorentzian
broadening). The appéarance of the lineshape is‘affected differently
‘hy the imparted character of the ;onvoluted broadening.function.
For equ%ﬁalent full widths, a Gaussian Qroadening function will
produce “rqunded peaks'' and "short fails“; whereas, a Lorentzian
broadening function will produce somewhat ''more pointed peéks”
and flonger taiis".

The anisotropy (033 = o1, or o, - o”) of both tensors is
29ppm (parts per million). For Curves A of Figures 46 and 47,

the full width of the broadening function is much less than the
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anisotropy (0.7 << 29 ppm) and.the lineshapes look very mdch
like theoretical ones. Howévgr'as the width of the broadening
function increases, the spectral features, ''sharp peaks and
corners'', associated with the tensor components begin to ''smear
out'"'. For curve D, the full width of the broadening function
is about one half of the anisotropy and already the lineshape
is starting to become ''featureless'.

A physical manifestation of this smearing process can be
seen in the lineshape of a solid where the static dipolar relaxation
mechanism is present. The observed lineshape can be regarded
as.thé convolution of the lineshapes qf a theoretical tensor
and a broadening function, usually Gaﬁssian, of enormously
large half width (10 or more times the anisotropy of the tensor).
The'observed Iineshapg will be tHat of essentially a broad
Gaussian line with all tensor information being completely
''washed or smeared out''.

In the case where the theoretical lineshape results from
an isotropic tensor (i.e. a "spike'" or finite delta function),
conQolution simply reduces to multjplying the broadening
funct?on by‘a ;onstant. fhe resulting lineshape will simply

be that of the convoluted broadening function.

5. The discontinuity in the theoretical lineshape
" As has been shown above the theoretical lineshape is

discontinuous at op, (non-symmetrictensor), ol'(axially symmetric
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o (isotropic tensor). Of course, experimentally

tensor) and O

this discontinuity is never observed as other physical effects
(3) cause the value at this shift to become finite. Figure 48
graphically reveals how assigning a finite value to this
discontinuity effects the appearance of a theoretical non-symmetric
lineshape convoluted with a Gaussian broadening function. A
discontinuity equal to 1.0 means that the finite value of the
discontinﬁity is_approximately equal to the largest value of
the points used to generate the theoretical lineshape before
convolution with the broadening function. A discontinuity
equai to 10.0 means that the finite value of the discontinuity
ig ten times the‘laFgest'value of the points, etc.

As the value of the discontinuity increases, the theoretical
lineshape will approach a deltavfunction ("spike'') so that the
convoluted lineshape will take on tﬁe appearance of the
b(éadenfng function--in this case; a Géugsian. For values such
as 20.0 the lineshape begins to resemble two overlapping Gaussian

peaks. For larger values only one Gaussian will predominate.

C. Fourier Transforms of Non~Quadrature Signals and Folding

The Powder Pattern is usually an unsymmetric lineshape. Its
appearance. in-a frequency spectrum generated by a Fourier
Transform is sensitive to the offset of the spectrometer when

a non-quadrature signal is transformed.
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An example of a Fourier Transform performed on a quadrature
signal is shown in Figure 49a. The transform was made via a
computer with a Fast Fourier algorithm written by Bloomfield (26).
1t should be partfcularly noted that when a quadrature signal
is transformed both positive and negative frequencies are unique.
However, for non-quadrature signals (i.e. only a real or imaginary
component), the sensitivity to the sign of the frequency is lost
and all frequencies '‘fold over' with spectral amplitudes reduced
by a factor of two.

This phenomenon results in a frequency spectrum which is
‘an even function of frequency for an absorption (i.e. real FT)
;nd an odd.function of freqpency for a dispersion (i.e. imaginary
FT). The additional lines that would appear in the real FT
are shown as dotted lines in Figure 49a. Of course, the ability
to distinguish positivg and negative frequencies is lost.

If a non-quadrature signai is to be transformed, the‘offset
of the spectrometer must be carefully‘ﬁet so that all frequencies
haQe the same sign. With a positive offéet, all spectral
information lies on the negative frequency axis, so it will
""fold over' and show up on the ''positive' frequency axis. For
such an offset the‘”positive“ axis is actually a negative axis
which decreases in the direction of increasing magnitude.

No such folding will occur for a negative offset since

all frequency information lies on the positive frequency axis.
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0f course, noise will still "fold over'. Figure 49b pictorally

demonstrates the folding process for a Powder Pattern.

The above discussion on fo]ding refers to folding which occurs
from the loss of the éign of the frequency. The FID whose FT'yie]ds
the Powder Pattern of Figure 49b is assumed to be sampled with an
infinitesmal sampling time (or infinite sambllng rate). Thus, the
Nyquist frequency is infinite and no aliased Powder Patterns will

appear from sampling-rate folding.

When '"fold over'' occurs, the Powder Pattern will reflect
itself as its mirror'image. This property is useful when
"checking'' that the lineshape's anisotropy is real and not
an instrumental artifact. This technique was used to verify
the authenticity of the large anisotropy of the Powder Pattern

of 1H in ZrClH a discussed in'Chapter.VIJ.

1.
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yAVII. STUDIES OF 1H IN ZIRCONIUM HALIDE

HYDRIDES: NMR SHIELDING TENSORS

A. Introduction

The compounds: 2ZrCl and ZrBr (44-46) possess interesting
physical and chemical properties. Both powders have high
reflectivity and cleavage properties similar to graphite. These
compounds are ductile and can be pressed to 97% of their X-ray
densities of 4.68 g/cm3 (ZrC1) and 5.71 g/cm3 (ZrBr). These
péllets have a low electrical resistance and hence these compounds
are termed '"'metallic salts'. This electrical behavior is
consistent with the presence of a substantial density of occupied
states at tHe Fefmi lTevel which indged X-ray photoelectron
spectra have established (44). The meiting tempe;atures‘are
in excess of 1100°C and are indicative of the strong metal-metal
bonding character of thege compounds.

The structures of ZrCl and ZrBr are indicated in Figure 50.
fhe space groups are rhombohedral, R3m (actually, trigonal
indexed on hexagonal axes), and each Str;cture consists of two
dimensional, four-layered sandwiches made up of a double layer
of zirconium'with a sheef of halide ébove and below (see Figure
50). The metal-metal separation between the zirconium bilayers
in the chloride is 3.09 R and 3.42 R within each close packed

layer. |In the bromide, the corresponding separations are

3.13 R and 3.50 R. The primary unit or building block for
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Figure 50. The structure and stacking patterns of the
zirconium halides
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each crystal is the four-layered sandwich. Additionally, there
is secondéry order in the stacking of these sandwiches.

" The presence of second nearest neighbor interactions
between Br and Zr layers of the same orientation in adjoining
slabs is believed responsible for the greater hardne;s and the
absence of graphite-like structural damage which ZrCl exhibits.
For this reason, these sandwiches are believed (4k4) stacked in
an ACB pattern (ZrBr) and a ABC pattefn (ZrC1) (See Figure 50).
The zirconium halide, ZrX (X = C1, ér), forms two hydrides,
ZrXHy‘(y = 1.0, 0.5), which are stable with respect to
disproportionation to ZrH,(s) and ZrX,(s) (or Zr + ZrXy(s)).
Upon hemi-hydride formation, the color changes to a darker
grey. Upoﬁ full hydrogen absorption, the color changes from
grey to brass (ZrCl1) and grey to bronze (ZrBr).

| The 1H in ZrXHy is bélieved to fnsert into the metal-metal
double layer from thé following facts: thermodynami; measurements
are characteristic of a‘compound or phase which has a Zr-H
bonding strength combarable fo the binary zirconium hydride,

A ZrH2; . The resu]tsnof X-ray powder diffraction indiﬁate little
stFuctufal distortion after 1lH intercalétion. Finally, the
zirconium bilayers have eleétron-rich‘interstitial spaces which
can be EIassified as either ''octahedral-like' or ”fetrahedral-
iike“ (See Figure 50). There are 1/2 octahedral hole and 1

tetrahedral hole per XrCl unit.
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Hwang et al. (47) have made broad 1ine NMR measurements
on H in the ZrXHy's in the temperature range 77 < T < L50K.
At temperatures sufficient for motional narrowing, they have
observed axially symmetric lineshapes.for ZrCIH].0 (A0 = 81.0 ppm)
and for ZrCIHO.5 (Ac = 75.1 ppm). Furthermore, they reported
a two s;age behavior for the line narrowing in both hemi-hydrides.
Second-moment calculations produce good agreement with experimental
values 'if thevprotons are assumed to reside mainly in fetrahedral

holes in ZrClH (4% octahedral) and ZrBrH] 0 (6% octahedral).

1.0
Of course, no structural change upon 1§ intercalation is assumed.
Unfortunately, the assignment of protons to specific sites in

the hemi-hydrides was not completely unambiguous.

Hwang et al. (47) have pfoposed at least three models to
explain the_observed second moments jp ZrBrHO.5 and ZrCIO.S‘
Model | assumes that alternate ''strings'' of tetrahedral holes
are occupfed.wlth 5{6% octahedral éccupafion in the ZrBrHo's

and 2.5% octahedral occupation in the .ZrClH Model 11

0.5°
assumes predominate occupation of tetrahedral holes with 5-7%
6f the octahedral sites occupied. Model |1l assumes predominate
occupation of octahedral sites with about 12% of the tetrahedral
sites occupied; A1l three models generate second moment§ which
agree with experimental values.

The purpoée of the present work is to investigate the

shielding anisotropies of these compounds and ‘the possible

locations of !H species, particularly in the zirconium halide
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hemi-hydrides, ZrXHO.S' Multiple-Pulse techniques (33-36)
are used for homonuclear decoupling to remove static dipolar
broadening. Values of the shielding anisotropies thus obtained
are more amenable to direct interpretation than those obtained
in the £emperature ranges whe;e motion is sufficient to remove
dipolar broadening and to partially average the shielding
anisotropies.

The material in this Chapter (s a slightly expanded version

of two publications (h8;’h9).

B. ‘Discussion of Multiple-Pulse Homonuclear Decoupling
The repetitive cycles of Multiple-Pulse experiments are
designed (28, 32-37) 'such that in zeroth-order approximations,
the static dipolar and quadrupolar Hamiltonians are averaged to
zero while the chemical shift Hamiltonian is retained but
normally scaled (38).‘ Additionally, the order and locations
of pulses are chosen to minimize extraneous errors introduced
by the RF pulsés (36).
" The téchniques of'Multiplé-Pulse homonuclear decoupling
were originalfy introduced by Ostroff and Waugh (30) and pioneered by
Waugh et ai.(32), Haeberlen and Waugh (37) and thlet al. (35, 36).
Thfee dipolér-aecoubling puise sequeéces have feceived the
most use: the WAHUHA-4 (32), the HW-8 (37) and the HREV-B
(33-36) . The ﬁREV-B haé beeh shown (36, 2) to possess slightly

more favorable properties than both the WAHUHA-4 and HW-8.
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The MREV-8 has been used to remove the static lH dipolar coupling
in the experiments described in this Chapter.

Multiple-Pulse cycles are strange ''beasts'' indeed. Figure 51
shows the MREV-8 Pulse sequence. A preparation pulse is followed
by a series of eight pulseé which is repeated n times. AII RF
pulses are denoted by Pi and indicate a /2 rotation about the
i axis of the rotating frame. The series of RF pulses are
specifically desigﬁéd to manipulate the magnetic moment, M, in
such a way that for c;cle frequencies, l/tc, which are fast
compared to a given interaction, ;uch'as the static dipolar
;oupling and chemical shift, exﬁreésed in units of frequency,
tHe momeqf will "see' only the cycle-average of these interactions.

- The ehoice of spacingg (i.e. T)‘énd phases of the RF pulses
insures that the cycle-averaée of the static dipolar coupling
Is zero. VSimultaneously, the chemical shift interaction is
scaled by /273 (35, 36,.2); The restrictive condition which
guaranties “effectiyg” averaging (commohly called thevMagnus
Conditionj is: | | | |
Fc”Hin_t” << 1 | (61)

HHintH‘signifies the appropriate inFeraction expressed
in the uni;s of Hertz. Since static dipolar interactions are
typically of the order of 40 KHz, then cyc]e times less than
25 1 seconds are usually required. An additional restriction

which arises from the Nyquist Sampling theorem (26) is

1
t 2 77 (62)
max
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4Here,fmax js the maximum frequency of the scaled chemical
shift and offset expressed in Hertz.

For cycle times of ZS_u seconds, the maximum allowable
offset is enormous, i.e. 20 KHz. However, for longer cycle
times, the allowable offset is reduced accordingly.

A large train of MREV-8 pulses irradiates the sample as
shown in Figure 51. Following each group of eight pulses, the
magnetization is sampled once along the Y phase to generate
one point of the 'point-by-point' FID. This sampling is repeated
n times, such as n = 20#8, to produce a data set which is
Fourier-Transformed intp a typical Powder Pattern as discussed
in detail in Chapter VI. AThe time decay under Multiple-Pulse
expgriments can be seen to originate in an entirely different
manner than the FID of a conventionai sing]e-pulse experiment
shéwn in Figure 30. "

In-depth'developments‘of the fundamental theories, such
as.cdherené Averagingland Averagg Hamiltonian Theory, have
heen presented by many authors (2,428, 33-37, 39, 50-52).
Consequently, the rebetition of such arguments will be avoided
in favor of an intuitive applica;idn of Avefage Hamiltonian
Theory using the MREV-8 pulse.

'AFigure 52 illustrates an applicétion of Average Hamiltonian
Theory (AHf). The theory has been used to demonstrate that
/2

-(0) _ =(1) _ O i
Hdip = 0 (also Hdip = 0) and HShift = TT"-IOI for the MREV-8
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when-thelmagnetization is samplied at multiples of the cycle
time, tc' The reader is feferred to discussions by Mehring
(2)‘and Haeberlen (28) for the rigorous mathematical formalism
of AHT. The crux of AHT is the abiljty to group RF pulses
toge;her sO that they perform unitary transforms of the static
Hamiltonian, Hi’ yielding a transformed Hamiltonian, H. Such
""manipulations'' are only valid if cyclé times, tc, are such
that the Magnus Condition (equation 61) is true.

The static Hamiltonian is assumed proportional to lZ and
is writ;en as Hz in Figure 52. AT/2 gnitary transform which
can be associated with a pair of /2 RF pulse of the "'a" and

"3'"" phases is written.

b I
I

Uaqué ' (63a)
with '
_ -i '[T/Z |a
Ya = ° | (63b)
and . )
} Ua - e+i 1T/2 la (63C)

The mathematical.form of equation 635 results in a ¢clockwise
rotation of the Hamiltonian around the '"a' axis, if one were
-to‘]ook down the ''a'' axis in the direcfion of decreasing ''a''.
This is also equivélent to a counter-clockwise rotation of
the Hamiltonién if one were to look in the direction of
increasing “aﬂ.

 For example, if Hz x IZ and a = Y, then the /2 unitary

transform of.Hz, H = UszU;, would rotate Iz to the X axis.
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The transformed‘Hamiltonian would now be written as H a I; a H;.
Pulses must be grouped together into the form of equation 63a

in order to perform '"manipulations'' of the Hamiltonian. Therefore,
whén required, identity transforms of the form:

U =1 - (63d)
may be strategically inserted into the pulse sequence to allow
terms of the fdrm of equation 63a to be written.

Such identity transforms are required at four places in
applying AHT to the MREV-8 (See Figure 52). After insertion
into the sequence, the identity trgn;forms are usually regrouped
such that forms of two r9tations:

UUHUU. = H
Xy zykXx X

~ (63e)
are Qenerated.

The static Hamiltonian is often referred to as being
"switched" by such transformatipns (2, 28). It "spends'" a
period of T or 2t as an '"'effective' operator before it is
;witched iﬁto another form.‘ Only the cygle-average (I/IZT)
is felt (at appropriate sampling points) by the spins if ‘the
Mggnus Condition‘is statisfied, i.e., switching'is relativeiy
rapfd'comparéd to the interaction caused by the static dipolar

Hamiltonian. It should be noted that the operator T}°I2 is

invariant to rotations and the operator Ia1'a2’ a=x,vY, 2,

is invariant to the sign of rotation.
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C. Experimental
1H NMR measurements at fo= 56.020 MHz were made using a

spectrometer sketched in Figure 53. The locations of RF phases
with respect to a sinusoidal waveform and in the rotating frame'
are describeéd in Figure S4. All samﬁles were supplied by
Arthur Struss of the Ames Labofatory of D.0.E.- Their preparation
(44, 45) has been previously reported. Approximately, 0.14 g
of each powder was sealed in a 5 mm o.d. thin walled NMR tube
at a pressure of less than IO_,s torr. -The NMR probe used a
standard tapped series-tuned design (See Chapter I1) with a
5 hm i.d.x15 mm coil. The coil was wound such that RF field
gradients were.minimized in the central region of the coil
wheré'the sémples were located. Longitudinal relaxation times,
Ti's, qf.foughly 2 seconds, estimated by rapid /2 pulsing,
agree with those previously measured for protons in ZrXH.

| The effective traﬁsverse relaxations were well-fitted by
Gaussian decays. Figures 55, 56,'57 and 58 show graphs of
the natgral log of the amplitude of the FID (Free Induction
Decay) vs. fime squared with fhe'linear least séuares fitted
Gaussian superimposed. The vaiues of T:.obtained from the

-1/2

slopes of these lines (T: = (2xSLOPE) )}, as well as the

stoichiometries related to the initial amplitudes of these
lines, along with the stoichlometries measured by Hz(g)
absorption (45) are listed in Table 2.
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Table 2. A:list of .the parémeters_for the !H shielding tensors of the ZrXHy family

[Negative shifts are downfield (i.e. less shielded).]

Compound s;?n ;2 2 T 911 922 933 Ao 9150 ol
count  absorp. W S€c m sec ppm pPM  ppm  ppm ppm ppm
£5% £10% 5% 5% 45% 453  15% 5%
ZrCIH, o 1.0k 1.0 14.3 c.5 -23.1° -23.1 79.4 102.5 11.1  22.2°
ZrClHy ,  0.52  0.5-0.6 20.0 c.7
A -33.2°>  -33.2 67.2 100.4 0.3 20.3°
E -54.5 12.0  45.9 100.4 1.1 38.7¢
ZrBri, o 1.0 1.0 - 29.5 ¢.3 -68.9° -68.9 -17.6 51.3 -51.8 34.7°
ZrBrHy . 0.52  0.5-0.6 48.8 0.3 -56.6  -34.3 18.1  74.7 -24.3 26.1°

W = full width of broadening function

baxlally symmetric:

C
Lorentzian

d
Gausslan

(o]

1

= (1) = 022, O

= 033

051
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The MREV-8 Multiple-Pulse sequence (33-36) was used for
homonuclear decoupling. The n/2 pulse widths were 1.5 y sec
and cycle times, t, = 25.2 usec and t. = 30.0 usec were used
for ZrClH ‘and ZrBrHy measurements, respectively. Tuning was
critically adjusted such that phase glitch and tuning errors
were less than 200 Hz. Shifts are répdrted with respect tov
an external H,0 reference of similar size to the ZrXHy samples
énd precisely located in the same region of the coil. The
shifts have been corrected for bulk susceptibility effects
using the approximation of long cylindrica] samples and
reference: "

0= 0, t (Zn/B)(x

o XV)’ (6l')

where Xy is the‘voiume magnetic susceptibility. The molar

vref

susceptibilities,ilosxm (corr) have been determined (46) to be
97 cm?/mole ﬁZ(Cl) and 107‘cm3/moleA(ZrBr) at room temperature.
A powder déngity of 1/2 the X-ray denSity is assumed. The
, suseeptibi]ity,correction to the sﬁift is ghe same for all
compounds ana i§ -5.3 ppm.

Because susceptibility and conduqtion electrons can‘affect
line positions, error liﬁits are set at 10% which is +5 ppm
over the entire anisotropy range. Shifts have also been

corrected for scaling (33-36) under the Multiple-Pulse experiment.
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D. Results and Discussion
| The values of the various components of the shielding
tensors as inferred by computérized fitting to the lineshape
of the Powder Pattern (41) are listed in Table 2. The Powder

Pattern of ZrClH was measured for both positive and negative

1.0
offsets of 6 KHz from the Larmor Frequency of 56.021 MHz. The
shielding components for this compound are the average of the

two measurements. All other spectra were recorded with a

positive offset.

Values of parameters were extracted by non-linear least-
squares fitting (41) thghthgoretical lineshapes to the experimental
data. For'ZfXH].o and ZrBrHO.S, the theoretical lineshapes
were those of.sinéle shieldfng tensors convoluted with Lorentzian
broadening functions: qu ZrC]HO.S?

was that of two tensors convoluted with Lorentzian and Gaussian

the theoretical lineshape

broadening functions. The resolution éf any components is
$trongly limited by the full widtﬁ of the broadening function.
In general, the positiohs of the tensor components become less
certain‘as thgnwidth.of the broadening function increases. A
possible source of broadening jé dibolar coupling to the
quédrupolér spin 3/2 species: 35C1 and 37C1 and spin 5/2 species
912?. |

The'correlation time, t, for the motion of the protons

s

(50)'can be obtained from the transverse relaxation constant, T;,
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and the second moment, M, (47). These values are listed in
Table 2 and may be considered as order of magnitude estimates.
Before these'measufements, the largest shielding anisotropy
for 1H was 44.8 ppm in KHF, (51). It is not surprising that
large anisotropies are observed in the ZrXHy family. |If the
14 do indeed reside in holes within the metal-metal bilayer,
the magnitude of the anisotropy might be expected to be large
relative to other observed !H shielding anisotropies from a
simple classical consideration of sﬁielding expected for
species within a single conducting metal sheet. The experimentally
obserQéd Péwder Patterns, with the non-linear least-sduares
fitted Powder Patterns superimposed, are shown in Figures 59,
60, 61 and 62. Finally, the theoretical Powder Patterns whiéh
exhibit the 5 kinds of shielding tensors observed in this
research are shown in Figure‘63. It should be noted that the

and tensor A of ZrCIH are very similar.

1.0 0.5

ATl shfft axes are drawn such that negative shifts (i.e. decreased

tensor of ZrClH

shielding) are in the downfield diréqtion.

Evidence is very strong that protons in‘ZrCI‘H].0 and
Z.rBrH].O mainly reside in tetrahedral-like holes. The values of
the calculated second moments (47) ére in good agreement with
experimental values. The axial symmetry and large anisotropieé
of the shielding tensors are consistent with'lH occupatiqn in

these slightly distorted tetrahedral holes within the metal-

metal double layer. For these compounds, the NMR spectra would
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not be expected to show much contribution from occupation of
octahedral holes (47) which is supposed less than 6%.

The NMR spectrum of ZrClH (Figure 60) is very interesting

0.5
as it is believed to result from the overlap of at least two
inequivalent shielding tensors. The lineshape can be resolved
into a tensor (A) of similar anisotropy and shielding to that
found in ZrCIH]_0 and a second tensor (B). Tensor A is believed
to result from the same shielding as. found in ZrClH].o and hence
is assigned to occupation of tetrahedral holes. Tensor B is
assigned to a second shielding--which may be'due to lH occupation
of octahedral holes. The large anisotropy of this ténsor is

a good indication that these prétons reside in the metal-metal
double layer but, of cqurse; not in the hoie which is assumed

to be tetrahedral. The novn-symmetrlcc‘quality of tﬁis tensor

may indlcate some complicated or 'string-1ike" (47) occupation

as well.

From the ratio of the areas (assumed proportional to
concentration) undgr these two proton lines, 40% of the protons
appéar td reside in the tetrahearal hole and the remaining
60% in a péssibly comblicated network of octahedral holes.

Hwang et al. (47) do not propose any model of exactiy this
kind. Their Model 111, which suggests octahedral occupation
with 12% tetrahedral occgpation, does seem to suggest these
resulfs if it were modified to account for a complicated

octahedral-tetrahedral occupation.
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Finally, the NMR spectrum of ZrBrH (Figure 62) does not

0.5
show any evidence of two Powder Patterns. The experimental
data is well fitted by a single, non-symmetric tensor. The
ZrBrH0 5 tensor isnon-symmetric and more shielded compared to

that of ZrBrH A somewhat similar relationshib exists

1.0°
between the tensors of ZrCIH; , and ZrCIHO.5 (A) and that of
ZrCIHo.5 (B). This relationship may be indicative of proton
location in a region equivalent to that for the protons in
ZrCIHo.5 (B). Possibly, this region is an octahedral hole.
The presence of}some occupation of tetrahedral holes cannot
be ruled out; however, it muét be small (< 10% or so) since
there is Ilttle evudence of contrlbutuons from a second tensor.
Since second moment calculatlons (47) are in poor agreement
for mainly‘octahedral oc;upation, Model 11} of Hwang et al.
seems to be the most compatible. VAs with ZrCIHO.S’ the site
Q;;upatiop of protons in errHO.S mazh§g very complicated.

Daake and Corbett (46)‘ha9e noted that the expected steric
expansuon in the plane of the f0ur-layered sandwich is much
less than expected in going from the chlor:de to the bromlde
(.08 instead of 0.42 ). Expansion in the interlayer X-X
distances is only slightly less tHan expected (0.24 instead
of 0.30 R)." They suggest that these observations are consistent

with a polarized, non-spherical bromide in ZrBr; whereas, a

different anionic polarization is responsible for reducing
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rgpulsion between anionic layers in ZrCl. Possible evidence

of these phenomena may be reflected in the shielding tensors.
The isotropic values of the shielding tensors for the zirconium
bromide hydrides are considerably further downfield (less
shielding) than those of the zirconium chloride hydrides. This
strong deshielding may originate in the different halide
polarization within the sandwiches and/or the different

stacking of the sandwiches: (ACB in ZrBr and ABC in ZrCl).
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VILL.  STUDIES OF SILICON IN SILANES: 14-295§

J CROSS POLARIZATION IN THE LIQUID.STATE

A. Introduction

The technique of Cross Polarizing a rare-spin species, S,
by an abundant-épin species, |, is well-known. 1In the early
1960's, Hartmann and Hahn (9) developed the theory of polarization
transfer in liquids and solids via the coupling of two different
nuclear species. They measured the lH-31P coupling constant
in hypophosphorous acid, HP(OH)Z, by observing the magnetization
of the abundant spin, lH, and observed the Cross Polarization
of 3§Cl by K39 in solid potassium chlorate, KCIOa. In the early
1970's, Pines, et al. (8) developed the Cross-Polarization
technique with high-powered decoupling and rare-spin observation.
and recorded the first enhanced NMR spectra of rare spins‘in
solfds. Recently, Maudsley, et al. (53) and Bertrand, et al.
(12) have utilized scalar coupling to.Cross Polarize 13C by
14 in'molequles in the liquid state, with observation of the
13C magnetlization.

The static dipolar coupling (2, 3, 8, 9) is the interaction
‘used for polarizétion transfer between | and S spins in solids.
in liquids, the static dipolar goupling is motionally averaged
to zero. However, the indirect or scalar c§upling which results

from the hyperfine interactions of electrons and nuclei remains.
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This indirect (or scalar, or J) coupling provides the means
of pblarjzation transfer in liquids (See below).

Cross Rolarization, whenever possible; offers certain
advantages in NMR studies of liquids. First, there is an
enhancement in the magnetization of the rare spin, S, for
suitable Cross-Polarizatioﬁ times, by a factor which can be
as large as YI/YS’ Second, the repetition period is determined
by the longitudinal relaxation, T;, of the abundant spin, |I.

The abundant spin's T, can be shortened through suitable
''"doping'' with paramagnetic impurities and is usually much
less than thé£ of Fhe rare spin.

The liquid J Cross-Polérizatfon experiment notably differs
from that.onvmost solids in that the magnetization will oscillate
between the abundant and rare spins. The equations which govern
thé behavior of the magnetization in the liquid state for the
matched Hértmanﬁ-Hahn (H-H), on-resonance experiment have been
previously reported by Hartmann and Hahn (9) and Bertrand,A

et al. (12)7 These equations are:

S-1 Mg = M sin2 (TTJT (65)
- o J
S-1, Mg = My sin2 (’}—z_l) (66)

/3

S-1,4 M“(I/Z 5|n2("JT) +1/2 5|n2(1TJT ) + 1/4 sin2(gdy)) (67)

S
in the above equations, S refers to the rare spin and |,
tb thé abundant spins. Also, J refers to the scalar coupling

constant between the S and | spins and is equivalent for all
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S-1 bonds. The quantities M7, MT and MT’refer to the initial
magnetization of the abundant spins obtained by direct polarization.
When this relatively large magnetization is transferred to the
rare spin, the rare spin's ﬁagnetization is enhanced by a factor
which can be as large as YI/YS (ratio of gyromagnetic ratios)
times that obtained by direct polarization.

Furthermore, as can be seen in the above equations, the
magnitization is modulated as a function of Cross-Polarization
time by frequencies proportional to the spin coupling constant,

J. 4 '

‘Both Mansley, et al. (53) and Bertrand, et al. (54) have
used the J Cross Polarization technique with rare-spin observation
to measure 1y-13¢ coupling constants; Recently, éer£fanq et al.
(54) have also observed lH-15N JCP; Maudsley, et al. (53) describe
téchniqués'for the transfer of polarézation by both oscillations
in-the'rofatjng frame-and pQISe-inter;upted free precession.

The teﬁhnique developed by.Bertrand, et al. (12) relies on the
oscillatory transfe; of polarization in the rotating frame.
Both Méudsley et al. (53) and Bertrand, et al. (12), use two-
dimensional Fourier Transforms to generate frequency spectra
from whiéh the spin coupling constant, J can be inferred.

| The present work uses the oscilfatory transfer of
polarization in fhe rotating frame and reports the tirst use
of the J Cross-Polarization techniqug (12) on a 1H-29sj spin

system with rare spin observation. The method is used to
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measure ‘H-29Si spin coupling constants for three different
ly couplingvmu1tiplicities inlthe compounds: triethylsilane,
(CH3CH,)3SiH, diethylsilane, (CH3CH,),SiHy, and phenylsilane
CgHsSiH3. A lineshape-fitting technique is used to fit the
theoretical equations (65-67) to the experimental data. The
non-linear least-squares algorithm iterates a '"best fit" to
the experimental data (modified Levenberg-Marquardt method
(55)) and yields the value'of the spin coupling constant, J,
directly.

A.dominant reason for the ﬁresent work is the fact that
alkylated‘silanes are probes of the molecular environmgnt of
oxygen in relatively complicated molecules (56). Since the
primary mechanism for Cross.Polarization of 29si ig by nearest
heighbor 14 in quuidg, the present work represents a basis
on Which to‘énhance sensitivities of 295i NMR measurements.in
stUdles‘of (R)n-(SiHa_n)-O-R’ mode! compounds. The chemical
shifts of égSF in these —SifO- model compounds will provide
a basis fpr understanding the structufe of organic oxygen (in
the form of alkylated silylfethers) in much more complicated
systems such -as deriQatives of coals. A somewhat similar study

-us}né 1H NMR has been made By Schweighardt et al. (56).
‘The material of this Chapter is a slightly expanded version

of an article accepted for publication (57).
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B. Theory of J Cross Polarization in an I-S System

The genefal sequences of RF pulses and phasés for all
Cross-Polarization (CP) experiments are shown in Figure 6k.

A brief description of the mechanics of Cross Polarization follows.
The abundant, of I, spins are polarized by a ©7/2 pulse and

then spin-locked along the direction of polarization. The
amplitude, HlS’ of the CP pulse is now critically adjusted

until the Hartmann-Hahn (H-H) condition:

s = Ysthis T VM = 9 (68)
is satisfied. 1In the laboratory, the appearance of a rare-
spin sigﬁal as the matching conditlions are adjusted signifies
propeer-H matching. The S spins are simultanéously decoupled
from thé abundan; spins by Hll’ adjus;ed'to be large compared
to the magnitude of the.spinjspin.coupling.

The phase of the preparation'puise of the | spins is
alternatgly inverted such that the rare-spin's magnetizatién
is also invertéd (58). By alternately adding and.subtracting
this FID from the data buffer, some base line and transient
artffact; can be removed.A Tﬁe design of a single-coil double-
resonance NMR probe has been described in Chapter 111.

While the pqlsing sequences are identical fo; JCP and
rggular CP, the magnitudes of the'Hli fields afe usually

different. In JCP, the size of H) is usually chosen such that

S

Wg is greater than any offset, Aws, and/or J. Such a choice
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will insure that the off-resonance H-H condition
. 2 - : 241/2 _ -

is satisfied. The required H,, field will generally be more

|
than enough to decouple'the | spins. Because of the weakness
of J-coupling as compared to the much stronger static dipolar
coupling, much more careful tuning is required to satisfy the
H-H condition in JCP than in regular CP.
In JCP; the initial magnetization imparted to the abundant,

or I, spins can be shown to oscillate between these spins and
the rare, or S, spiqs. The following discussion of this phenomenon
will rely on concepts originally stated by Hartmann and HaHn
(9) and will be applied to én I-S, spin = 1/2 system. In order
to remain consistent with the'original H-H notation (9), the
abundant §pins will now be assuﬁed polarized and spin-locked
along the.x axis. In the experimcnts described in this Chapter
and Chabter IX, the abqndant spins were actually polariied and
spin-locked along the y axis as described above. ‘However, the
expectationlvaiues are thé same for derivations with respect
to any axis, but the form of the Hamiltonian will depend upén
the choicg of the axis of spin-locking.

| First Hartmann and Hahn.showed that there exists a rotating
frame in which the | spin magnetizatidn is constaﬁt in the
absence of an 1-$ interactién. Thjs rotating frame is estab]ished
as ;he result of first transforming into the radiofrequency

(RF) rotating frame (rf) of both spins (abbreviated RFrf) and
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next into the "spin-locked" rotating frame (SLrf) along the

x axis of the RFrf. They also showed that the Hamiltonian in

such a frame could be decomposed into two parts. One part,

Hro’ is élways secular and the other part, Hr1’ becomes secular
when the H-H condition, equation 69, is satisfied. The Hamiltonian,
Hrl’ causes the double-resonance phenomenon to occur. In the

SL-RFrf, this Hamiltonian has the form:

H = -1/2J(1_.$ (70)

ril zi“zk + lyisyk)
where J is the scalar coupling consfant, | and S are angular
momen tum operatorsl(hz, 59, 60),_and i, k indicate summation
over all pairs of heteronuclear spins.

In Quantum Mechanics (42, 59, 60) observable properties,
sﬁch as magnetization, ﬁ, are calculated via operators. The
magnetization of the | spins is then calculated from the relation
(8,A9, bz, 59, 60): ‘ ‘ .

| M, = hy'Tr(plx) (71)
where p is the density matrix. An equation, similar to equation
71, is also used to calculate the maénetizatfon of the S spins.
In addition té showing that Hr1 is secular_when-the H-H condition
is established, Hartmann and Hahn also pointed out that

{Ix + Sx’ Hr] =0

where Hr = Hro + Hrl’ This commutator shows that the population

differences or the net magnetization (aalx + be) will remain

constant.
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Stoll (61) has discussed the behavior of a Hamiltonian
of the.form of equation 70 in great detail. This type of
Hamiltonian always leads to an oscillatory transfer of magnetic
polarization between the | and S spins. An importént point
in this regard is the distinction between oscillation and
precession. The following derivation will calculate the
frequency of this oscillation using time development of the
density matrix for an I-S, spin = 1/2 system. Also, the S
magnetization will be shown to be enhanced by YI/YS over its
_ static field value. This deduction follows a similar pattern
to that used by Stoll (61).

Initially.a magnetization, ﬂOI,is established along the
x axis of the SL;RFrf by m/2 rotation and spin-locking of the
abundant? or |, spins. The rare, or S, spins are assumed to
have no initial magneti;ation. Thus, ;he initial value of the

density matrix (in the high-temperature approximation) is gliven

by: .
p(0) = 2711 +871) (72a)
or: ‘
| p(0) = BI (72b)
where Bf is dimensionless constant: »
. B = hl'THO (73a)

and:

B=12z"8" (73b)
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The quanti;* Z defined:
z=T1r(1} = (21 + NNi(2s + NS

is a constant which depends on the total number of spfns,
NI + NS' This constant also can bé considered to contain all
scale factors which iﬁsure that all fufure equations are valid.
The Hamiltonian of equation 70 will cause the density matrix
to develop in time according to the relation:

p(t) « e_iHrlT p(O)eiHrIT (74)
Since [Izsz’ IySy] = 0, the exponential operator can be factored

into two separate exponential operators (42, 52) such that:

JT JT .JT Jt
p(r) = Be' 21252 "2 1Yy T2y 721252 (75)

The following identities specific to spin 1/2 systems (hZ,

59, 60) are liberally used:

Li = Ls = Li = 1/4 - (76a)
LxLy‘=~-L Lx = 1/2 iLz. . (76b)
L, =-LL, = 1/2 i (76¢)
LzLx =-LL = 1/2 iLy (76d)
i= /1
where La = Ia or Sa’ a=1x,Y, 2. The following identity for

spin = 1/2 particles is also used (61):
iDt1.S, Dt, . ,. . ,Dt
| e a-a —_cos(jr) + b snn(jr)IaSa . (77)
and a = x, y, z. Equation 77 is obtained by first performing

a Taylor-series expansion of the left hand side of this equation.

Terms of even powers are grouped together to form a Taylor
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cosine-éeriésAwhile terms of odd powers are similarly grouped
together to form a Taylor sine-series using equations 76a-d.
for spin = 1/2.

The application of the IySy operator leads to:
N -JT N .JT -
« Ral 7125 Jt . JT -i=1,5,
p(1) = Be 4cos(1r)lx + 25|n(1rJIZSy]e> (78)

.Finally, p (1) reduces to:
2(JT CLdT . 24T
p(t) = Blecos?()1 + stn(—fé(lzsy - lySZ) + sin?(p)s ] (79)
Noting that Tr(LiLj) =1/2 i=j=x,v, 2
TrLL) =0 - i#j | (80)
and including suitable constants, the magnetizafion of the

abundant spins, MI’ will become:

Ml('r) = hvlTr(plx)
= M0|c052(%}) | - (81)
where:
M = +‘2Y..__.j_Ho.
0l 20.kT

Likewise, the magnetization of the rare spins is calculated:

Mg (t) = by Tr(os,)
=Xy sin2(2Y) - (82)
YS 0S 'R :
where: ' -
Mo = hvghy

0S ~  2akT
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Both M., and Mo' represent magnetizations in terms of the

' ol S
Laboratory field, HO'

| The above derivations show that the magnetization of the
abundant spin_wili oscillate with its maximum value being its
initial value. The magnetization of the rare spin will likewise
oscillate starting with zero amplitude (if no initial S
magnetization is present) and will }each a maximum amplitude
of YI/YS times its laboratory ralue, Mos 2 which will result in
an enhancement if Y| > Yg- The frequency of oscillation is
J/4 radians sgc_l, or %% if J is expressed in Hertz and, of
course, J is the heteronuclear J-coupiing constant.

The net magnetization in the SL-RFrf can be shown to

always remain constant when the.H-H condition is matched. At
any-temberature T, the ratio of magne;izations of two different

kinds of spins can be written:

M v2H

os _ YsMis
Mot YiHy

and since YSHls = Y|H1|' then:

Vg '
Mos = v, o . (83)

|
X

-of equation 83 into equation 82,

Substituting’the value of MOS

one arrives at:

. Jt
= 2 .
Since MI(T) + MS(T) = MOI’ the net magnetization is always

constant and equals the initial value of the abundant spins.

Y
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This magnetization will oscillate between the abundant and rare
spin, resulting in an enhancement of YI/YS in the obseryed
magnetization of the rare spin as shown in equation'82.

An additional and important'fact about the H-H condition

is that the exact form is written:

f o a2 4 021V2 -,
wg [AwS + wS] W, (85)
where w, = YiHli' If the amplitude of .the Hls field is chosen

sufficiently large, thén.equation 85 will reduce to the normal

H-H condition. However, the offset; Aws, cannot be ''too large'

or the Hamiltonian, Hrl’ becomes non-secular and the inFeraction
responsible fér JCP will yanish. This Chapter describes
experimental data in which the oscillatory transfer of magnetization
is~studied in 1H-29s; sy;tems. Use of JCP fs also shown to

be potentially very valuable in measuring the chemical shifts

of trace amounts of 2257 in coal-derived liquids.

C. Experimental
Thé spectrometer used in these experiments was constructed

in this laboratory and‘i; described in Figure: 65. Resonant
frequencies for 1H and 295i were 56.021 and 11.129 MHz, respectively.
A single-coil probe doubly tuned at both frequencies (See Chapter
I11) was u$ed. The NMR coil consisted of nineteen turns of

#18 gold-plated copper wire, flattened to ribbon form in the

central eleven turns to homogenize Hy. The coil was 5 mm i.d. x

29 mm long. The coil inductance was 0.38 pH.
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The design df the single-coil probe is shown in Figures
14 and 15. For highest Q, low-loss dielectric cable, RG-8U,
and higth Polyflon (15) capacitors (VC 25-6-26) were used.
Capaéifors ClH and C2H are used for high frequency (fH) tuning.
CabJe D| and capacitor CIL are used for low frequency (fL)
tuning. The use of high Q, low noise capacitors for CIH and
‘CIL is essential for preventing the generation of broadband
noise during the'decoupling pulse.

When the H-H condition was mafched, approximately 0.39
and 1.27 RMS Watts were required to achieve Hli's of 1 and
5 Gauss at frequencies of 56.021 and 11.129 MHz respectively.
" The m/2 pulse Qidth of 62.Sl ugec for protons was sufficiently
shprt in iﬁSure uniform excitation of all frequencies of the
lH‘multfr;lets by the preparation pulses.

- " Critlcal tuning_(i,e. matching of.RF power levels) is
required to observe J Cross Poiarization. A tuning procgdure
was followed which allowed fairly ;ccurate matching (<70 Hz)
Aéf the H-H condition with the use of samples containing 295
in natural abundance..‘lnitiélly, the /2 pujses and RF phases
afe set on tﬁe I(lH) channels at fH =‘56.021 MHz using water
doped with ferric chloride. Next, the static magnetic field
is Ioweréd so 1H'resc'mance occurs at fL = 11.12Y MHZ. Thev

pulse width of the $(29Si) Cross-Polarization channel, t is

S’
. 2¥gt)
set: tg = v where t, is the /2. pulse width of the I(1H)
| , :
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Cross-Polarization channel, qu t, = 62.5 usec., tg = 25 usec.
qu; the S channel RF power is adjustéd for a m pulse (minimum
signéD on the doped H,0 sample. This tuning procedure is
sufficiently accurate to bring RF power levels to within 1 dB
of those required for the H-H_condifion to be met.

The static magnetic field fs returned to its normal value
and a J-cqupled.sample such as 29Si in triethylsilane is used
for final tuning. 'The T-matching circuit of the S channel is
varied sligHtly (match-mismatch) until the J Cross-Polarization
FID [(S/N) = Z]is a maximum. This tuning procedure has been
found to ;esuit in ;ccuréfe and reproddcible, 29gj-1y ﬁatcﬁing
and is potentially useful-for other rare nuclei.

Figure 64 shows the pulse sequences used. A 180° phase-
inQerted, /2 pulse was alternately‘applied to the lH spins,
fesulting in an al;ernatfng, ]80o ﬁhase-inverted 295 FID.
EverY other FID was subtracted from the computer's memory
buffer so that only magnetization from J Cross Polarization
was observed.‘.All measﬁrements were made within 50 Hz of

resonance. ~ Sample spinning was not used.

D. Preparation of Dimethylsilyl-Ethers
~These’silyl derivat ives were prepared from the corresponding
alcohols by adding 0.40 moles of the alcohol to a 50 ml round
bottom flask equipped with a reflux condenser, a heating mantle,

and a magnetic stirrer. Liquid alcohols were added neat, but
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solid alcohols wére dissolved in a minimum amount of benzene
prfor to addition. After purging the system with nifrpgen,

0.20 moles of tetramethyldisilazanevand one drop of
dimethylchlorosilanewere added to the flask. The reaction
mixture was refluxed for 8 to 12 hours. The crude silyl-ethers
were separated from the reaction mixture by distillation through
a short path, microdistillation apparatus. Samples for 29Si

NMR were purified by preparative gas chromatography on 5%

OV-101 or 10% carbowax 20 M. Infrared, mass spectral, and

14 NMR analyses of purified dimethylsilyl-ethers were used

to confirm the authenticity of these materials.

‘E. Discussion

For 0.25 ml of doped triethylsilane (4 x 1019 29Si spins),
a bandwidth of 5 KHz and repetition rate of 3 seconds, a maximum
(SI+'N)/N = 2 was obtainéd with one scan (Seé Figure 17). The
observed (S + N)/N is consistent with an enhancement of 5(= YI/YS)
over that obtained with a n/2 pulse. All (S + N)/N ratios
refer to initial amplitudes of the FID.

Figures 66, 67 and 68 show the magnetization (arbitrary
units) of 29Si as a function of Cross-Polarization time, T.
The plotted values are the initial amplitudes of the FID following
thg Cross-Polarization pulse. Each Qalue.is the average of two
measurements and the max}mum value of each graph has been

normal[zed to 1.0. Superimposed on each graph is the lineshape
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of the non-linear least-squares fit. A constant, Mo, was added
to each equation (65.-67) to account for the experiméntal
artifact of D.C. offset. There are three parameters in each
fit: thevamplitude of the abundant magnetization, M', the
base lipe constant, Mo, and the spin coupling congtant, J.
The convergence condition for each fit was that the residual
sum of errors-squared changed by less than 0.001 for two
consecutive iterations of the parameters. Table 3 contains
the values of the parameters for éach fit. Also included in
this table is the Yalue of the spin cogpling constaﬁt, Jn/Z’
measured Sy the conventional method of n/2 excitation and

1/2)

Fourier Transform. The quanfity, A(zlJﬁlz - 42 is an
estimate (53) of the mismatch in the H-H condition.
The spin coupling constants determined by this method
agrcc within cexperimental error with those of the conventional
method. The time evolution of the magﬁetization does appear
to.follow the oscillatory behavior expressed in equations 66-67.
Of course, measurements of ;pin coupling constants via their
dependancé on T are‘tlme consuming. In fact, the amount of
time can be cqmparable to that of the convéntional method-~even
with sHorter T,'s and signal enhancement. Clearly the most

rapid means of measuring J would be to use J Cross Polarization

for a suitable 1 without abundant-spin decoupling. The coupling
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Table 3. The parameters obtained by non-linear least-squares
fitting of the JCP equations [MI is the initial
: ampiitude of the abundantfsbin magnetization. ‘Mo
is the base-line constant. J is the value of the
§pin coupling constant obtained by J Cross Polarization
while J"/Z'is that value obtained by excitation with

a m/2 pulse. A is an estimate of the mismatch of the

Hartmann-Hahn condltion.]

J(Hz)

J(Hz) A(Hz)

Compound | M| ' Mo +10 I;Z +12
(CH3CHp) 3S iH 701 - .285  184.0 195. 4 66
(CH3CH,) S THy .743 244 185.6  195.4 61
CgHs-SiHs . .698 - 211 198.8 205.6 52

constant will modulate the FID and be directly measurable In
the Fouricr domain while the advantages of favorable T;'s énd
signa] enhancement wgyld be retained.

The choice of the Cross-Polarization time, 1, is important
if.the entire ehhancgment is to be realized. For chemical
systems. in which the appéoximaté J values are known, equations
65-67 can be used to predict the optimum Cross-Polarization

-times. Also, this technique may be useful in resolving two
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shifts that overiap--provided the overlapping lines have different
spin coupling cohstants; A suitable t is chosen such that a
minimum magnetization occurs for one line, thereby producing
a resolved spectra of the other line, and vice versa.

.The origin of the large D.C. offset terms, Mo, is very
interesting. Since the value of the D.C. term (or base line
- constant) is vefy similar in all three fits (Figures 66-68),
its origin'appears instrumental since all measurements were
made using a virtually identical procedure.

Additional and subseqqent measurements in this Laboratory
HaQe shown ;hat the yalue of Mo is mainly de;ermined by two
faétor;: 1) the signal-to-noise of tﬁe initial point of the
FID and 2):the accuracy of the RF phases. Furthermore, wheﬁ
Iarger data-averagings are u;ed to improve (S +N)/N and RF
phases.are critically adjusted, the value of this D.C. offset
is reduced.substantially.

Finally, Table 4 contains the 295i chemical shifts of
silyl-ether model compounds and other compounds used in this
regearch. Nuéiei wére excited via the JCP technique. The
values of shifts are tabulated with respect to T.M.S. and

negative shifts are downfield (i.e. less shielded).
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Table 4. The 29Si chemical shifts of silyl-ether model combounds
[R = (cus)znsi-o- for these compounds. Shifts are

reported with respect to T.M.S. and negative shifts are

downfield.]
Fppirica! e
R - N butyl Si0CgH1 ¢ -3.6
R - tert butyl SiOCgH; ¢ -0.5
R - N pentyl §i0C7H18 -3.3
- R - phenyl Si0CgHy 5 -4.6
R - o naphthyl Si0CyoHy -5.8
R - B naphthyl Si0CyHy Y -5.3
(R - CHy}, Si0,CeH1g -4.9
((CH3) 2HS i) oNH SiaNCyHyg +10.1
(CH3) 2HSiCl SiC1CoHy -11.1
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IX. AROMATIC FRACTIONS OF CARBON IN COALS:

14-13¢ CROSS POLARIZATION IN THE SOLID STATE -

A. Introduction

This Chapter describes- the measurements of the aromatic
fractions of 13¢C (fa) of whole coals. These determinations
were made using the combined fechniques of 1H-13C Cross
Polarization (8, 2, 3) (described below) and Magic-Angle
Spinﬁing (2, 62-64). The 13C f_ values along with the 1y f
values, presently being measured in this laboratory, can be
used to éstimate the mysterious, average- condensed-polynuclear,
. aromatic ring sizé in whole coals.

Prior to 1972 there was véry little usé of 13C NMR for
solid-state studies of coals (65). In 1972, Retcofsky and
Friedel used broad-line 13C NMR to study tHe chemical shifts
and anisotropies in four éoals ranging from 83 to 96% carbon.
Based on comparisons of theviocationsAof the broad peaks with
respect to those of the 13C fn diamond, assumed mainly aliphatic,
and ih graphitg, assumed maiﬁly aromatic, they concluded that
f; values appeared to‘increasg with the “?ank” of the coal

which is qualitatively related to the percent carbon in the

. coal.

In 1976 Retcofsky (66) made an attempt to establish, once
and for all, that coals were highly aromatic. He attempted

to prove his point in several ways. 1) Both 13C NMR studies
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of carbon disulfide (CSZ)'extracts and 1H NMR sgudies of
"pyridine é*tracts bf whole coals indicated these é;tracts fo

be highly aromatic. Also, the values of fa increased with
increasing rank fof both extracts. The pyridine extracts,
.which represented a larger dissolved fraction of the whole

coal, were consistently more aromatic than the CS; extracts.
'Thﬁs Retcofsky reasoned that whole coals should be very aromatic.
Retcofsky also made an attempt to estimate the average

size of the condensed ring and average amount of ring substitution
of the coal molecules in these extracts. However, many assumptions
were used:whﬁch make any extension of these results to whole
coals questionable. 2);In collaboration with Vandér Hart,
Retcofsky‘alsp studied the 14-13¢ Cross Polarization of whole
coals. vThe fadvalues are, more or less, directly optained from
the 13C spectra with sultable data manipulation using their
‘lineshape technique (67) described below. The fa's were indeed
higher than‘those of the e*tracts'and again this study indicated
that coals are highly aromat_ic-A 3) Finally, infrared studies

of whole coals combined with the results of:the NMR studies

seem to also suggest that coals were highly aromatic.

Two prébléms emerged from attempts to estimate fa's of

whole éoals by extracts and a host of other techniques discussed
by-Retcofsky (66). 'First, fa values were generally different

for different techniques. Second, it was not clear what real
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rélation these f_ values had in describing whole coals. For
~meaningful results, fa valueé would héve to be measured on
whole coals in the natural state.

Retcofsky (66) and Vander Hart and Retcofsky (67) were
first to -apply -the H-13C Cross Polarization technique of
Waugh (8, 2,‘3) to studies -of the 13¢ of whole coals. Much
greater 13¢ sensitivity can be obtained than is possible with
-conventional methods. Again, fa yalues were extracted via
their lineshape technique (67) and these values seemed to be
relatively constant as a function of experimental parameters.

Coalé pfoduce 13CANMR spectra which are the sums of the
many Powdér éatterns generatedvbf theninequivalent shifts and
anisotropies of all 13c with_iH.as nearest neighbors. An
example of one Such‘spectrum.is shown in Figure 69. This
spectruﬁ #ontains two overlapping absorptions associated with
aromatic and aliphatic species (66, 67).

Vander Hért and Retcofsky (67) used a technique of lineshape
decomposition-synthesis‘to.Qetermine fa. They..measured the
linear sum and difference 6f their two spectra and determined
an aierage aromatic and-aiiphatic lipeshape. Nex;, they
re-synthesiged each original spectrﬁm by a linear combination
of these two average lineshapes. From the relative areas of
the two components, they were able to estimate fa'

In order to check the accuracies of the.fa values obtained

by Cross Polarization, they measured the fa of a frozen ''synthetic
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coal' whose exact fa was measured by High Resolution NMR of the
liquid. There was very good agreement bétweenvfa's and it

. appeared that CroSs‘Polarigation produced valid fa S. Retcofsky
and Vander Hart (68) applied the same technique of lineshape
analysis to the study of different macerals of a bituminous

coal. They found, with one exception, that fa increased with

the % carbon. ?urthermore, these fa values were used to estimate
the average-condenséd-ring sizes in these macerals--although
again, many assumptions were made. | |

Shortly after this work, the final technique for High
ResQIUtion in the solid state, Magic-Angle Spinning (MAS), was
applied to coals (69), oil shales (69, 70) ;nd kerogéns.(69, 70).
of course, MAS.removes shift anisotropies and, for sufficiently
fast spinning,.the two classes of absorptions are r;solved.
Mea;ufements-of fa are made directly from the relative area
under the aromatic absorptioq.

Bartuska et al. (69) pointed out that fa values, when the
aromatic content is high such as for anthracite, can only be
acéurately measured Qith MAS. Such spinning is less important
when the aliphatic content is high. Recently Maciel et al.

(71) have egtended CP-MAS_measurementsvto ten additional coal
s'a_mples'. ';rhey have correlated fa values with atomic ‘(H/‘C)

ratios and fuel values.
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Based on this rich history of past achievement, the present
work applies Cross Polarization and Magic-Angle Spinning to

measure the 13C fa's of a range of coal vitrains.

B. Discussion of Cross Polarization

The polarizationAof a rare spin by abundant spins in the
solid state, or Cross Polarization (CP), was origi;ally developed
by Hartmann and Hahn (9). As with J Cross Polarization on‘liquids,
they used an qbservation of the abundant, or |, spins to infer
the behavior of the rare, or S, spins. The development of the
technique of direct observation of the rare spins was pioneered
by Waugh in his PENIS (8) experiments. Today most CP experiments
(2), including JCP, are outgrowths of his initial work of the
early 1970's.

The pulse sequence which achieves Cross Polarization for
suitable matching of the Hartmann-Hahn condition (Equation
68 and/or 69) is the same as that for JCP and is shown in
Figure 64. Also, the aspects of abundant-spin preparation,
spin-locking, and Cross Polarization are identical to JCP and
and described in Chapter VIII.

The Cf experiment on so]fds notably dfffers from the JCP
experiment in the strength Qf the Hli fields and the lack of
oscfllatory~transfer of polarfzation for abundant spins when
such spins can be approximated as a heat bath (8, 72). Recently,

however, it has been shown that when the abundant spins are
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decoupled using Multiple-Pulse homonuclear decoupling (The
abundant spins no longer behave as a heat bath.), oscillatory
phenomena are observed (73-75, 61).

Another notable difference between CP and JCP involvés
thé use of abundant-spin decoupling during observation of the
rare spin. In JCP, high resolution absorptions can usually
be obtained even without abundant-spin decoupling since the
indirect dipolar coupling is weak compared to chemical shifts.
However in CP of solids, strong heteronuclear decoupling of the
abundant spins must always be used. Finally,‘because of the
brogdness of static cdupling when expressed in units of
frequency, the matchipg of the H-H condition has a larger
tolerance than is found for JCP which usually requires critical
H-H tun}ng.

Both experiments are simiiar in that‘the magnetization
éf the rare spin is enhanced, and the time between signal
accumulations is governed by the relatively ;hort T1 of the
abundant spin. |

In this‘Chapter, the technique of H-13¢C Cross.Polarization
has been applied to measurements éf the relative 13C aromatic

content, fa’ of wholg coals.

C. Experimental
‘The spectrometer used in these experiments was constructed

in this laboratory and is sketched in Figure 65. Resonant
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frequencies for lH and 13¢ resonances were 56.021 and 14.087
MHz, respecfively. A single-coil doubly-tuned probe designed
by the author (13, 57) was used in these experiments. The
~design of the single-coil probe is shown in Figures 12 and

" 13. The construction of the probe has been described in
Chapter 11l. The design of the spinning hardware has also
been described in Chapter f11.

A procedure for accuratély settjng the Hli fields of the
RF pulses has been described in Chapter Vi1, 'With the H-H
condition matched, approximately 80 and 250 RMS Watts at 56
and lh.lvMHi respectively, were reﬁuired.to achieye Hli's of
9.8 and 39.2 Gauss measured at the Mégic Angle. The phase-
inverted pulse sequence shpwnlin Figure 64 and described in
Chapter VIt was used to excite H-13C Cross Polarization.
Rotor speeds rgnging from 2.1 to 2.6 KHz were used to average
shift anisotropies. Sample weights of roughly 0.3 grams were
packed into the rotors described in Chapter I1i1.

Offsefs'wére 1.5 KHz above the Larmor freqeuncy of the
aroﬁatic 13¢ absorpfion. The pandwidth of the DC ampljfier'
was 17 KHz. Chemical shifts were measured with resbecf to
an external reference of adamantane. Shift axes were drawn
relative éo 136 in CSé. Uncertainties in shifts are estimated
a;'i3 ppm. Cross-Polarization times of 1.5 msec wgre_hsed

and the pulsing sequence was repeated every 3 seconds.
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The absorption spectra were digitally filtered by convolution
with either a Lorentzfan or Gaussian broadening function and
are shown in Figures 70-73. This technique has been described
in Chapter V. The full widths at half heights of the broadening
functions were 21.3 ppm for the spectra of Figure 70 and 7.1 ppm
for all other spectra shown in Figures 71-73. Areas under
absorptions were calculated by numerical integration above the
base line using Simpson's Rule (22). An example of a !3C NMR
spectra with the integration curve superimposed is shown in
Figure 7#.‘

Tﬁe yalués of fa are ;imply the relatiye area under the -
aromatic 13C absorption which is centered around 65Ippm. All
integrated areas are measured with respect to a base line of
zero siope (or constant area). Thi§ base line is the initiai
value of the integration curve shown in Figure 74. The proper
base line is that base line for which the integration curve

"shows constant area (l.e. zero slopej Iin regions where"
absorptions are not.pfesént. Uncertainties in fa are estimated

at +3%.

D. Results and Discussion
The fraction aromaticities, fa’ along with elemental
compositions of 18 coal vitrains are:-listed in_Table 5. The
absorption spectra a;e shown in Figures 70-73. A graph of fa

vs. atomic (H/C) ratio is presented in Figure 75. In general,

\
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Figure 70. The 13C NMR absorption spectra of coals
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Figure 71. The 13C NMR absorption spectra of coals
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Figure 72. The 13C NMR absorption spectra of coals
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Figure 73. The 13¢ NMR absorption spectra of coals
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Figure 7h. An example of the technique of numerical integration

of an NMR absorption spectrum
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f. vs atomic( H/C)
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Figure 75. A graph'of fa vs. atomic (H/C) ratio of coals
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\

.Table 5. Fraction aromaticities and elemental composition of

the 18 coals studied in this research

o - w— R
POCO. #4 90.3 5.0 b.y 1.3 .58 .86
POWELLTON 85.1 9.1 4.5 1.5 .63 77
STAR , 77.0 7.1 5.5 1.2 .85 7
UPPER MICH 81.0 15.7 5.0 1.0 .73 .70
LOVILIA 75.0 13.6 4.8 1.4 .76 .69
ANTHRACITE ~93.07? - 2,57 - .32 .95
PSOC-640 = - 74.7 8.0 5.1 1.3 .82 .79
PSOC-170 82.0 9.4 5.4 1.4 .78 79
PSOC-501 76.0 8.2 5.1 1.3 .80 .78
BUMIK 40660 = 81.3 10.0 5.6 1.6 .82 .77
PSOC 351 76.3 6.6 5.6 1.6 . .87 .77
PSOC 308 76.6 15.5 5.1 1.6 .79 " .75
PSOC 155 56.8 9.3 5.0 1.1 1.05 .38
MONT. LIG. 70.9 23.5 3.9 1.1 .65 .84
PSOC-212 ~  79.h 13.0 5. 11 1.7 .77 .77
PSOC-268 86.5 5.8 5.3 1.5 .73 .76
PSOC-103 82.9 9.7 5.1 1.7 .73 .75
PSOC-330 82.0 10.8 5.1 1.6 .74 74

¥The remainder of the % is contributed by S and/or ash.

b . 12,01 W
atomic (H/C) = o7 %C

Cfé, fraction aromaticity of 13C via lH-13c cp.

fa values are seen to decrease in a non-linear manner with increasing
content of hydrbgen. This behavior is similar to that reported

by Maciel et al. (71).

R
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It is believed (65-71) that coals are highly aromatic materials.
Also, as coals metamorphose (or.age=and increase their rank or
%C), both the size and number of condensed aromatic ring structures
increase at the expense of non-aromatic matérial. In coals
of very high rank, the aromatic structures are believed to become
graphite-like (65-66). Within experimental error, the Sehavior
of the fa values of the 18 vi;rains are, more or less, consistent
with the above interpretation, i.e., fa increases with decreasing
atomic (H/C) ratio or with increasing rank.

Finally, Table 6 lists fa values extracted from the non-
spinning quder Patterns of fiQe qoals.by numerical techniques
(See Figufe 69). Also listed for comparison are fa values
obtained with Magic-Angle Spinning (MAS). A typical 13C_NMR
spectra of.a coal vitrain without spinning is shown in F}gure
69. The appearance of this spectfum is attributed to the
overlap of many Powder Patterns, but mainly, of two different
classes: 1) aromatic 13c centered around 40 ppm and 2) aliphatic
13¢ centeééd around 165 ppm.

Each spectra was decomposed into two optimized lineshapes of
overlapping'Powdér Patterns via non-1inear 'least-squares techniques
kkl, Also, sée Chapter Vil). An example of such a fit is shown
in Figure 69. The fa's were measured as the area of the '"aromatic'
Powder Pattern fo the total area of both Powder Patterns. Areas

were determined by numerical integration via Simpson's Rule.

[

)
-
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Table 6. Comparison of,ffaction aromaticities of coals obtained

from non-spinning and Magic-Angle spinning experiments

£ @ f @

a a

Coal non-spin MAS

+0.03 +0.03

POCO. #4 0.78 0.86
POWELLTON 0.82 0.77
STAR 0.73 0.71
UPPER MICH , 0.68 0.70
LOVILIA 0.67 0.69

afa, fraction aromaticity of 13C via H-13¢C cP.

As can be seen by comparison of the non-spinning fa's
to the MAS fa's tabulated in Table 6, agreement is good for
low fa's. However at higher fa's, the lineshape technique
appears to slightly favor the aliphatics and results in lower

f 's.
a
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