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ABSTRACT | | |

The,31P NMR chemical shiering,ténsors Were measured ih a crystal of
a-Ca2P267; the ﬁrincipa] values, re]atfve to 85% H3P04 were found to be -42,
'32,‘65 ppm fbr P(])cand -48, 44, 67 pbm for.P(2) with an averége relative
standard deviation of 7%. The most probable orientations of the tensors in
~the molecule were determined, and in both cases the most downfield component
of the shielding tensor is along the P-0(P) bond direction; this orientation
'is correlated with the electronic distribution around the phosphorous nuclei.
vThe high resolution spectra used in détermining:the shfe]ding tensors were
taken using the mu]tip]e,pu1se'wAHUHA technique which.femoves.homonuclear
dipo]ar interactions in solids [J. S. Waugh, L. M. Huber, and U. Haeberlin,
~ Phys. Rev. lLet. 20, 186 (1968)]. The linewidths were reduced from 1 KHz to
100 Hz by this technique. Details of the spectrometer design and the tuneup

procedure for the WAHUHA.experimeht are also given.
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'I. INTRODUCTiON'

Nuclear magnefic resonance (NMR) has gained widespread use as a spectro-
scopi; probe of the_structure and dynamics of molecules in liquids. Analysis
.-of chemical Shift data.and relaxation time data yields information about the
chemical environment of a given nucleus as well as the motion of that nucleus.
NMR of solids and of large mo1ecu1es in solution has in general not bren as
fruitful due to the large amount of line broadening which obscures the chemical
shift information. The line broadening is caused primarily by non-vanishing
dipolar interactfons which are averaged to zero in solutions where -the mo]ecﬁ]es
are tumbling iSotfdpica]ly. Recently deve]oped’mu]tib]e,pu]se NMR experiments

1,2 and heteronuc]ear3 dipolar interactions

will remove both the homonuclear
in solids, creating narrow lines and allowing the resolution of the chemical
shifts. Since the chemical shift is a second rank tensor, all six components

45 1his

of its symmetric part are obtainable if éingle crystais are studied.

gives potentially six times the information available from a solution spectrum.
3]P NMR‘spectra of the phospho]ipids in bio]ogica]jmembranes and in

phospholipid/water dispersions have shown the pfesence of unresolved dipd]ar '

interactions,6’7

indicating that these systems might benefit from multiple

pulise exberiments. _Interest in these systems has led us to develop a spectro-
meter capable of pérforming 31P multiple pulse experiments, and to initiate a
study of the chemical shielding tensors of phosphates related to the phospho-
1ipid phosphates. The compound a-Ca2P207 was chosen as the first samp]e-
because only homonuclear interactions are present and a sfmp]e WAHUHA experiment.|
shou]d suffi;e to remove the dipolar coupling; In this paper chemical shielding

- tensors of a-CaZPZO7 are reported.
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I1. THEORETICAL
In the WAHUHA exper1ment1 a cyclic application of radio frequency (rf)
pu1ses applied along the +x and _y directions in the rotating frame causes
the average_dipo1ar_interaction to vanish when the system is sampled at
the appropriate times. The disappearance of the dipoler interaction can
| be explained in terms of average hamiltonian theory which is well understoods’9
and will be only briefly described here. If we consider a system of Tike

nuclei in a magnetic field which are subjected to radiofrequency irradiation,

the hamiltonian operator in the rotating Zeeman frame can be written
'?4?(t) =‘.{(’1‘nt‘. +7?rf(t) ‘ o

where?f1,1s due to the rad1ofrequency and ]<nt contains 1nterna1 1nteract1ons
‘such as dipolar coup11ng, chemical shift, and J-coupling appropriate to the
spec1f1c system Th1s ham11ton1an may be transformed to a more conven1ent
dynamic reference frame where exp11c1t time dependence is removed from 7(

The nature of this reference frame depends on the nature of the rf perturbat1on.
If the rf perturbat1on is cyclic with a per1od short compared to the normal
relaxation times, the hamiltonian may be averaged.over the period of the rf
cycle and a new averege hamiltonian written in terms of a Mdgnus series
“expansion.s This hamiltonian describes the behavior of the system when

it is obseryed in a periodic fashion, i.e., once/rf cycle. 7 . contains terms
which are spherical tensors of various ranks. Since spherical tensors of
different ranks:beheye'differentTy under transformation, the final average
terms wi]] have different forms. Thus rf cycles may befdesigned to‘affect:
different parts of the nuc]earvspin interaction. In the specific case

of the four-puise WAHUHA experiment in the 1imit_of_é—function'pd1ses, the
chemical shift term is_sca]ed by 1/43 and the homonuclear dipolar interaction

js reduced to zero.8
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When the dipolar interactions are removed, the chemiCal_shifts of the.
nuclei are revealed. In the case of a powder sample eontaining randomly
distributed crysta]]ites, the spectrum assumes a characteristic powder

10 and the principal values of the shie]ding tensor may be read directly

. pattern,
from the spectrum. When the samp]e is a single crystal, narrow resonances

are.observed. Their number depends on the symmetry of the unit cel] and on
the number of chem:§§+ 1nequ1va1ent nuclei in the asymmetr1c unit. Their
frequencies w depend on .the or1entat1on of the crystal w1th respect to the

magnet1c field accord1ng to the equat1on

w = wo(]-ézz) .

with -
Oy = L T o T . 09. ' ' : S )
22 21 23 1)
i,
where 9,y is the measured chemical sh1ft, g and rzjlare direction cosines
between the z Iaboratory axis and the ith and jth crystal axes, and the super-

s;ript ¢ indicates a . crystal-based reference frame. If the;crysfal is rotated
about an axis pefpendicu]ar to the magnetic field dfrection and the resonance
frequency is measuked as a function of rotation angle, three components of the
shielding tehsor in”the_crystal-based reference frame are obtained. If this
process is carried out for three different orientationé of the crystal, all

" the componehts of the symmetric part of the chemical shielding tensor in the
crystal frame are obteined. This tensor is most usefu] if if cen then be

related to the orientation of the molecule, as is formally written

c _ I m '
%3 " o8 Tia Tis %as o (2)

where ia and rJB are direction cosines between the i,j crystal axes and the
“a, B molecular axes and the superscript m refers to a convenient molecular

: reference.frame,"Experimentally this is accomp]ishedvby using x-ray



crysta]lography to determine the orientation of the mo]ecuiar frame with

respect to the crystal-based (c) frame.

III. EXPERIMENTAL METHODS
T The WAHUHA‘experiments were done 1n a homebuilt double resonance spectro-
meter incorporating a Vafian.l4 kgauss magnet. The specfrometer, diag ammed in
Figure 1, operates.with four phases of radiofrequency (rf) at the phosphorous
resonance fréquency‘of 24.3 MHz, has 60 MHz available at high power levels
for proton irradiétion, and is further equipped with'an external deuterium
vfield-frequency lock pperating ét 9.21 MHz. A]though'the 60 MHz ﬁapabi]ities
were not used ih the a-Ca2P20 expekimentsé they will be described for the
sake of completeness. in addition to the spectrometer, the.experimenta]
apparatus includes an automated goniometer and computer-driven goniometer
controller for po§itioning the Sample. Data acquisition and control of
the experiment wefe-performed by a Nicolet NIC-80 computer. 'The more specialized
_ features of the spectrometer and the physical setup will be described in

this section.

- A. Spectrometer

1. Probe Circuits

The‘NAHUHA experiment requires a probe circuit which will tranSﬁft high
levels of rf power to the sample, recover rapidly from rf pulses, and detect
_ low level signals from the sémp]e. These feqhirements afe met by thé circuit
Fre shownrin’Figure 2a. Impedance matching of the transmitter to the resonant
circﬁit insures efficient power transfer. The crossed diodés at the end of
; | ‘the 1/4 cab]e switch'the 50 @ load in and out of the effective circuit, making
it low Q (faét recovery) when in thé transmitter mode and high Q (high |

B - sensitivity) when in the receiver mode. The sensitivity of the system was

such that the free induction decay of approximately 150 mg;Kszo4 powder could -




| .
Be seen in one paésnv‘The strength of the magnetic field produced in the coil
w&s.appruximéfeTy T0O gauss when operating at a power of‘1 kwatt.
The design of the 60 MHz circuit was not as critical as that of the:
4.3 MHz circuit éince rapid recbvery from pulses was not a requirement.
AusﬁmpTe:péraTTeT resonant circuit was impedance matched to the transmitter
and'ﬁeceiver as shown fn Figure 2b. The crossed diodes ére use&_to switch
Betweeh the transmftter and receiver modes, as is common bractice-for single
il circuits. One_feature of this circuit was the use of a multiple turn
HeTmhoTz coil wound of copper ribbon and insulated with Tef]on‘between
the turns. The;multipTe turns increése the field prpduced at the sample,
‘and’the use of'}ibbon.provides lower inductance per length and enables the
cail to withstand the high rf levels. The field producedlin the samp]é-with
thié afrangement.Was approximafe]y 18 gauss when operating.at a power of 3.6
kwatt. Details of the physica] arrangement of the coils‘iﬁ'the probe are
shown in Figuré 3.
Frs. 3>

2. 24.3 Wiz Transmitter and Receiver

A.HewTett-Packard frequency synthesizer supplies the basic 24.3 MHi
rf for the~spectrdmeter, This rf signal passes immediately info a Merrimac

quadripolar phasé shfftér which divides the rf into four signals having
nominally the four quadraiﬁre phases (0°, §0°, 180°, 270°). The phases are
precisely adjuétab]e to}witﬁin 0.1 degree over a rangé of-at’]eaéf - 30° about'
their nominal value. The four rf signals are routed into four channels which
are sepérately géted by externally applied ]ogicvpu1Ses. The resulting rf pulses
are recombined in a Merrimac power combiner and appear on a single output line.
The pulses are amplified jh a Bruker high power_amp]ifief and then are sent
to the probe. B |

The sjgna1_receiyed_from the probe is fed through a‘iow'noise 24.3 MHz

N

preamp described in detail elsewhere.'' A string of 16 pairs of crossed
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1N914 diodes to ground precede the preamp to protect it from the rf’pulses_
from the transmitter. Even with the dfodes; some rf from the transmitter
reaches the preamp where it is amplified to a level capablg of saturating
the later stages'bf the receiver system. This problem is eliminated by
gating off the 30 MHz reference to the linear IF tonverter whi]e.the pulses
are on. MWith this arrangement, the recéiyer-system recovers rapidly and
is capable of taking data approximately 10 microseconds after the end of
a.rf pulse. | |

The signal from the preamp is trénSmitted to'the linear converter which
~converts the 24.3 1Hz to 60 MHz. It is then phase detected and further
émplified. The signalvis next fed to an 1ntegrate;and-hqld circuit, and then
to the computer's. A-to-D cpnvertér. The integrate-ahd-hd]d circuit uses
an Analog Devices 48 K op amp as the integrator; it is otherwise'similar_

to the circuit described by Ellett et al.'?

3. 60 MHz Transmftter
The initial 60 MHz rf passes through a switched 90° phase shifter emp]on
ing a quadrature hybrid. The rf is then gated with a Re]com rf switch contro]led
by logic from the computer. The rf pulﬁes are amplified'py an RF coﬁmunications
805 which drives a homebuilt 10 kwatt amplifier which feeds the probe.

(

4. Pulse Programminngetwork

~The Nicolet éomputer operating with a modified vefsibn'of the Nicolet
TI1PRGM is Qsed to supply the initial logic for the generation of rf pulses,
- receiver gate, and address advance pu]Ses, and also to process the final data.
The computer runs in conjunction with a Nicolet 293 I/b Contro]]ef containing
a series of digita] timers which produce logic pulses whose 1engths'ére
sét by times‘;oaded:in‘from the computer, and whose sequeﬁces.are‘determined

hy'thg conneCtionsadf‘the timers as controlled by the wirihgvof a patch panel.
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The pulses fr6m'the Nicalet 293 pass through external driver ampTifiers

amd: gre then used as the appropriate gates. For a WAHUHA experiment, the pulses

gu:ta & twa-caunt puTse sorter wh1ch distinguishes between two subcycTes of

pulses and sends out triggers to a four-pulse generator and to the receiver

g&te_and’fnfegrate-anthoId at the appropriate times.'jThe four-pulse generator
‘uses ganged one—shots to produce Tagic pulses of hfghTy'éccurate Tengths.TZ |
| The Tengths of thé-puTses are individually set, and arevaTso controlled by a

fiine master trim which adjusts all four pulse lengths si'muTtaneoust.T3

~These
Togic pulses gate the four channels from the quadripolar phase shifter,

&nd therefore determine the Tengths of the rf pulses. 3‘

5. Goniometer and Magnet -

The single crystal experiments require that thé crystal be rotafed about
‘an;axfs perpendicuTar -to the magnetic field directf@n. This is accomplished
thfough.the use of a specially designed Supper goniometér.drfven by a Superior
ETectrfcfSTo-Syn steppfng motof. Tﬁe chief component'of the gonfometer is
& vertical shaft whi;h is'turned by a Tong horizontal shaft extending to
the gears of the stepping motor placed outside the magneiic field. The sample
is mounted on a rod fitting fnto a chuck on a mounting héad, which is fn turn
gttached to the vert1caT gon1ometer shaft. The mounting héad was designed
to match the standard x-ray crysta]]ograph1c goniometer heads and therefore
&llows mount1ng the samp]e d1rect1y-on X-ray crysta]]ograph1c equ1pment as
well. Since the goniometer must be placed inside the magnetic field, it was
constructed entirely'of non-ferromagnetic materials. |

The HS-25 stepping motor is run by a Harshaw model XC-11 gon1ometer
coritroller 1nterfaced to the Nicolet computer. The gonwometer and control]er
were designéd tb control the samp]e.orientétion to within 0.01 degrees. The
reproducibility_of_this éystem was demonstrated by notfng that a spectrum

taken at a given orientation would be reproduced exactly after the crystal
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nas rotated away and then returned to the 1nitia1 angie.
; In order to create 2 larger working area'to mount the goniometer above
the probe, thef]4'k9auss magnet was rotated 45° from the yertical. Tne shim
eoils were'rotated beck to their original positions to maintain the shim Y
axis as the vertical direction. Twp sets of vertical rods mounted on the tilted

magnet hoid Bruker probe holders into which are p]aced the probe and goniometer.

B. Tuneup of WAHUHA Experiment
. The WAHUHA experiment is extremely sensitive to proper'pu1se lengths and
phases, and the presence of phase transients. A combination-of the methods

12 was used for the tuneup procedure

of Vaughan and Waugh
A sample of 85% H PO4 so1ut1on was placed in the probe and the exact
resonance frequency was found. "The Bruker amplifier was tuned to g1ve a
: quare rf pulse wnen sampled at the 50 @ load, and the probe was tuned to give
maximum_siénal amp]itude for the'H3P04 free jnduction decay. The four rf
phases were set with.the use of a Hewlett-Packard 8405Aevector voTtmeter. |
The 90° pulse 1engths for each of the four phases were'set USing the train
of 90° pulses shown 1n Figure 4a. While irradiating.the'samp1e with the train
Fle 4,—€pf pu1ses, the pu]se length was adjusted until the pattern of Figure 4b was
obtawned,v1nd1cat1ng proper sett1ng of the 90° length. 'Us1ng the phase
alternated sequence-of Figure 4c, the tuning of the Bruker amplifier was
adjusted so that no beats were seen in the signal with tne spectrometer
on resonante,vand the beat frequencies were the same for equa]ﬂfrequency
offsets above and below resonance. ‘This prpcedure‘minimizes the phase transient
effects. The pulse lengths were then rechecked using the'first.sequence | |
described above. The full WAHUHA sequence was used with H3PO, at exact
resonance and/the'pu1se lengths and phases were'carefully_adausted until

the beats in the decay vere removed. As a final check, a plot Was made

of the apparent Chenicél shift as a function of:resonaneeVOffset. Theory
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predicts that such a plot should be linear and pass through the origin. For

the case of 2 psec pulses and a 50 psec cycle time, the slope is calculated

8

to be 0.60. These'parameters were used as the criteria for proper tuning.

C. Preparation of Sémple

i q—CaZPZO7 doped With Mn2+ was the gift of Professor Alex Pines of the |

University of_Ca1ifornia, Berkeley, and it originé)]y'came from the laboratory
of Professor C. Calvo at McMaster University.' The 1ehgths of the unit cell

axes were measured and found to be a = 12.61 A%, b = 8.51 A%, and c = 5.26 A°,

o 14

in good agreement w1th the reported values of 12. 66 8. 54 and 5 315 A~. The

: or1entat1on of the un1t cell of the crystal was determ1ned by the Laue precession

method and a crysta]ebased reference frame was def1ned by three glass plates

which were glued to the crystal. Each time the mounting of the crystal was -

/5?é= 5 2

changed for a new rotation study, the orientations of the glass plates were

. o : : . ;

measured with an optical goniometer and the orientation of the crystal
reference frame waé thus determined. These orientations were measured before

and after each NMR run, and found to be reproduciblevto.within 1 degree.

IV. RESULTS |
A. Effectiveness of the WAHUHA Experiment

The WAHUHAVexperiment is highly effective in remoVing'phosphorousvhomo—
nuclear broadehing in solids. This is i]]ustrated by the'spectra of a-C&2P207
shown in Figure 5 " Spectrum (a) is from a typ1ca] free 1nduct1on decay (FID)
exper1ment with a d1g1t1z1ng rate of 10 usec per po1nt Spectrum (b) is from
a 4-pulse WAHUHA-exper1ment with 2 usec pulses and a 48 ueec cyc]e time berformed

on the same Sample in the same orientation. The scaling of the chemical shifts

by approxwmate]y 1/4~“ is clearly ev1dent The 1ine widthfof.approximate1y

1 KHz seen in the free 1nduct1on decay exper1ment is reduced to 100 Hz by the

" WAHUHA exper1ment, Add1t1ona1 exper1ments have shown a further reduction
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in linewidth with the use of more sophisticated cycles such as the 8-pulse .

8 15 which compensate for imperfections in the four

WAHUHA® or REV-8 cycles
pulse WAHUHA cycle and cause higher order terms in the.dipoTar interaction
to vanish. For ekampTe; the REV-8 experiment done with 2 usec pulses and a
114 usec cyc]e'tjme reduced the line widths by'an additional factor of 1/3
to 1/2 from the 80-200 Hz widths seen in a 4-pulse WAHUHA eXperiment. ‘When

using the REV-8 cyc1e, the peaks all had approximately the same widths.

This is in contrast.to the 4-pulse WAHUHA experiment where the peaks further

from the pulsing frequency were broader.

B. a- Ca2P207 Chemical Shielding Tensor v

| wAHUHA spectra were taken as a funct1on of rotation ang]e for three
different 1n1t1a],or1entat1ons of a crysta] of a-Ca2 207 " The spectra were-
taken in 5° intervals'over a range of 180°. A typical spectrum shown in
Figure 6 was taken w1th 2 usec pulses and a 56.4 usec cyc]e ‘time and conta1ns
- 400 passes taken at the rate of one every 15 seconds. The pulsing frequency
was 24 284 MHz, approx1mate1y 3.3 KHz above the H3P04 resonance frequency

Knowledge of the Laue point group and number of resonant nuc1e1 per

‘ asymmetrlc unit a1]ows the prediction of the max1mumrnumber'of lines which

1 16

may be seen at any orientation of the crystal. Specifica]]y, a-Ca2P207

~crystallizes in the monoclinic space group P2,/n (Laue point group 2/m) and’

14

has one molecule per asymmetric unit. There are therefore four molecules

per unit ce11, occurring in two pairs related by inversion symmetry. Since
shielding tensors are invariant under inversion, the chemical shifts from
the members of each’pair are identical, and only two molecules will be

d1st1ngu1shab1e in NMR spectra Each molecule has two phosphorous nuclei,

_and therefore a max1mum of four lines is pred]cted for a 3]P NMR spectrum_of

_a-Ca P, 07, as seen in Figure 5. However, eight distinct lines are seen in the

spectra of the a-Ca2P207 crystal used for the tensor determinations. The fact 1
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that exac:tTy tw1 ce the predi cted number af Tines are seem 'mth cates that this
crystal is tw1nned ‘This is not surprising,. since tw1nn1ng about the ¢ axis s
common: for a-Ca2 207 7 The unit ceTls of such twins are re]ated by a 180°
rotation about.the c axis, rutatTng the b axis 1nto the —b dJrect1on and the
& d@xis back 1nto the ac plane.
| The resonance positions as a function of rotationm angle were measured and
fftted to equatfon (1) with a Teast squares program. The experimental points
__and theoret1ca1 curves are shown in Figure 7. The fuTI‘tensors are found
Fir67 - :
from the sets of corresponding curves from each of the three rotation pTots
For each pair of rotation plots there are pownts of,equivaTent orfentation as
shown by the verticaj lines in Figure 7;' Comperieon‘of'tne spectra taken at
tﬁree-equva1entiorientations permitted identification'oftthe.sets of corres-
pondfng peak; and these COrrespondenceS'were‘confirmed ae the cases with lowest
variance when all 512 pdssibTe curve combinations were tried with tne full
tensor Teast quareé fit; - - |
- Once the e1ght tensors had been determined, the prob]em of assigning them
to the appropr1ate phosphorous nuclei remained. Two chem1ca11y equ1va1ent nucIe1
on:sympetrereIated molecules in a crystal will have congruent sh1e1d1ng tensors
havfng the same pr1ncfpa1 values but d1ffer1ng in or1entat1on. There is no |
Erigg_ method for determining wh1ch tensor corresponds to which molecular
0r1entat1on. “In addition, the presence of two chem1ce]1y different nucIe1 in
the unit cell creates tne further prob]em of_determining vhich of the two
incongruent tensors is ‘associated with each nuc1eus. Thus the tensor assignment
1s not unique, and must rely on chem1ca1 1ntu1t1on | |
The eight tensors were divided 1nto two groups of congruent tensors, where
the members of a group vere re]ated by screw symmetry about the crysta]]ograph1c
b axis (the symmetry 1mposed by the P2 /n space group) and by a 180° rotation

~about the c ax1s (the symmetry imposed by the tw1nn1ng) The possible tensor



.orientationsvon:the’pyrophosphate ion were then plotted using ORTEP®, and on]y
the one shown 1n ‘Figure 8 showed any obvious: corre]at1on with the structure of
Flég the ion. | '_ | “ _' |
The eigenya1Ues of these tensors and their screwerelated counterparts
.for each crystallite were corrected for the 0,60 scaie factor and are reported
, in Table Ii’v The.differences within the sets of values reported for P/1)
77%34¢.ZZ"-> L R S
and for P(Z) are an indication of the.experimenta] grror in the determinations
~ since the- congruent tensors should have 1dent1ca1 e1genva1ues It is not under-
~ stood why the values for P(]) have such a large spread compared with those of
P(Z), since a]] tensors were obtained s1mu1taneous]y under the same exper1menta]
- conditions. The d1fference between the average va]ues of 990 for P(1) and
P(2) are signjfrcant and might be attributed to the sma11 differences in the
geometry of the-two-ha1ves of the pyrophosphate anion;vindicating that the

shielding tensor is an extremely sensitive probe of environment.

V. DISCUSSION

In general, the chemical shielding tensors depend:On'the electronic distri-

18

butions. in both the groond'and'excited states of the'molecule. This makes

chemical shie]ding parameters quite difficult td'calquate quantitatively.

31

However,'we have observed that the orientations of the °'P chemical shielding

tensors of «-Ca,P,0, correlate simply with the electron distribution found in

the ground state of the molecule. Similar corre]ations‘have been observed for

the 31 20

P chem1ca1 sh1e1d1ng tensors of phosphor.y]e‘chano]armne]9 and'CaHP04-2H20.

These compounds all contain 904 units but differ in the degree to which the PO4

-

AORTEP is the-Oék Ridge Thermal Ellipsoid Plot program common]y used to plot
crysta]]ograohic unit cells. | | |
bP(l) and_P(Z);referuto‘the two phosphorous atoms as numbered in the original

x-ray crystallographic report.14,

~
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is perturbed by furthef bonding. The POZ' jon itself is a'féguiar tetrahedron,
having P-0 bond lengths which are all approXimate]y 1.54 A°. This va]qe_is
less than the'caiculated single P-0 bond length of 1.71 A°2] indicating some
double bond character. The partial double bond charactér of all the bond$ in
PO
orbitals of the phosphorous and the fiiled 2p and 2p' orbitals of the oxygens.

" has been explained in terms of bonding between the empty 3dzz and 3dxz_yz
22
When fhe ion'is perturbed by protonation or esterification, bonding will involve
ohe of the 2p.orbitals of thg participating oxygen, thdé redu¢ing the participa-
tion of that orbital in = bonding with the phoéphorous étoh. The resulting
effect is that the double bond charéctér of the P50(R)fbond is reduced and the

double bond character of the bonds to the'non-esterifiéd_oxygens is increased.

" This shifts the electron density away from the'Pjo(R) bond and toward the

remaining P-0 bonds, lengthening the former and‘shqrtening‘the latter. The
effects of forming a (P)O-H bond are similar to those of forming a (P)0-R bond,

although the magnitude'of the perturbation is smaller. As an example, serine

‘phosphate has its (R)0-P bond lengthened to 1.61 A®, the (H)0-P bond lengthened

to 1.56 A°, and the remaining P-0 bonds shortened to 1.52 and 1.50 A°.%%>23

The bond 1engths and bond angles for a-Ca,P,0, are found in Table III.

7% _ .
The pyrophosphate anion may be considered to. be a phosphate- ester where the

bridge oxygen has on]y one 2p orbital available for = bonding with the two
phosphofous atdms. Thefefbre the P—O(P) bond lengths are longer than those

of a Poz' ion,‘and thé remaining P-0 bonds- are shorter. The longer bonds with
less n character will have a Tower electron dehsity and it therefore might be
expected that the phosphorous nucleus will bé‘deshﬁe1déd-é10ng the P-0(P)
dfreétioh.' It was observed that}fhé moét downfield component of the shielding
tensor lies along the unique P-O(P) direction and is therefore in the direction
of 1owest,e]ectron density. Similar corre]ations'were:obServed for phosphoryl-

»

ethanolamine and CaHP04i2H20, where the most downfie]d.édmponents of the

'shie]ding tensorsfwere-in}the p]anés defined»by‘the bonds of lowest electron
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density and the most upfield components were in the planes of highest electron

, density of the mO]écu]ar ground states.
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Table I: Initial Orientations of the a-Ca,P,0, Crystal for the Three

Rotations™ -
4>b oC
' . * )
Rotation I. a -16.2 75.0
| b* 7.7 165.9
.
¢ 74.4 87.8
Rotation II. - 270.4 131.4
b* 1733 8.0
¢ 74.5  137.5
. ’ *
Rotation III. a 58.4 - 143.9
b. 161.2  99.2
¢ 77.6  55.5

* k% =
2 a » b, and ¢ are the reciprocal axes of the crystal unit cell.

b¢ is the angle from the magnetic field direction (Z) to the projection

of the reciprocal axis in the X-Z plane.

€6 is the aiimuthal angle from the rotation axis (Y) to the reciprocal axis.
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Table I1I: Principal Values of the 3]P Chemical Shielding Tensors of

' a
- amCagP0.
n %22 °33
b. | .
P(1) -48 34 73
44 31 68
-43 33 65
-32 32 54
Average®  -42 32 - 65
P(2) . -4 - 44 66
-49 44 68
-50° 45 68
48 45 66
Average  -48 44.5 67

% A1 values in ppm relative to H3PO,, taking resonances at Tlower field

as negative,

b P(1) and P(2) refer to the two phosphorous.nuc]ei as numbered in the

origina] x-ray crystallographic work.14

F This is a simple numerical average of the four values Tisted.



Table IIT: Structure Data for a-Ca2

Bond Lengths

P(1)-0(1)
P(1)-0(3)

PO1)-0(5)

P(1)-0(7)
P(2)-0(1)
P(2)-0(2)
p(2)-0(4)
P(2)-0(6)

2 pata from Ref. 14.

.579 A°
.517
.554
.505
.616
.538
.505
.493

a
P20,

Bond Ang1e$ o

0(1)-P(1)-0(3)
0(1)-p(1)-0(5)
0(1)-P(1)-0(7) .

- 0(1)-P(2)-0(2)

0(1)-P(2)-0(4)
0(1)-P(2)-0(6)

P(1)-0(1)-P(2)

110.5°

109.7
105.3

107.9°
109.2

106.4

130.0



FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

B]ock diagram of the double resonance spectrometer. The spectro-

31

meter operates with four phases of 24.3 MHz for “ P resonance and

at 60 MHz for |

H decoupling. The spectrometer is shown in a
configuratibn to perform a WAHUHA experiment. A1l logic paths
are repreeented by dashed lines, and the rf paths appeaf as solid
Tines. “

s |
24.3 MHzeand_GOIMHz probe circuits. -
) The'24,3'MHz circuit.

b) The 60 MHz circuit.

Central area ef probe. The 25 mm long 24.3 MHz coil is wound on
the,inside of a 10 mm ID glass tube suépended in the cylindrical
dewar. Over the glass tube is fitted a Teflon sleeve on which the
60 MHz coil is wouﬁd. The coil is a multiple turn Helmholz coil

oriented perpendicular to the 14 kgauss magnetic field. 'The leads

‘from the coils are insulated with Teflon and Mylar and pass out of

the cenfraT chamber to the capacitors. The probe is designed to

~ pass cbo]ihg gas up through the glass tube past the sample, then

down the outside of the tube and out through the bottom.

Pulse sequencesvused in tuning WAHUHA experiment.  a)_'n/2 pulse

"tréin; Each pulse is a n/2 pulse about the X axis in the rotating

reference frame. b) Signal seen from the pulse sequence of (a)

with the pulse spacing 50 psec. The horizontal Scale is 500 psec/

~division. c¢) Phase alternated /2 pulse train.v Each puise is a

'n/2‘pulse about. the X or -X axis in the rotating reference frame..

z
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figure 5. 24.3 MHz NMR spectra of a-CayP 0, . a) Spectrum from a free ihguctioﬁ
decay experiment of a sihg]e cfystal of a-Ca2P207. The dfgitizing
rate was 10 pysec/pt, and 25 passes were accumu]afed. b) Spectrum
from a 4§pu]se WAHUHA experiment. The samp]é is the same as in (a),
and the orientation is the same; This'experiment was done with 2 usec
pu]sé§ and a cycle time of 48 psec and is the accumulation of 100

passés. The. frequency scale applies to both spectra.

- Figure 6. Typical WAHUHA spectrum of the a-Ca,P,0, sémb]e used to obtain
the‘shiéIding tensor. TheYWAHUHA experimeht was done with 2 psec
pulses and a_cytle time of.56.4 usec. This spectrum contains

400 pasées accumulated at a rate of one per 30}sec. The scale
is in ppm ré]ative to 85% H3P04 using the convention that higher'
fie]d'poéitions are positive. The scale has been Compensated
for the:aﬁproximate 1/‘f§'wAHUHA scaling factor, |
Figure 7. Angu]af_dependence of 3]P resonance frequencies for three different

. rotations of an,a-CazPZO7 crystal. These p]ots:inc]ude data

~ points and theoretical curves calculated from least squares analyses.

, Thg veética1 lines locate equivalent'samp1e orientations, as

indicated by the labels A, B, C. The'initiél_brientations of thev

, crystallographic axes for each rbtation‘ake'given'in Table i;

TABLE T —> | .

Figure 8. Chemica1'shie1ding tensor of a-Ca2P207; These are projectioné of
~ the molecule in the principa1 axis system of the.shie]ding tensor‘.
of P(l). The shielding tensors are shown as e]lipsoidsfwith the
shortest axis representing the most downfield tensor cOmﬁonent;

b d

The nUmbering of the atoms corresponds to that of the original

xffay;cryStallogkaphy.]4
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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