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Absmct The magnitude d bulk susczptibihty (a,), dlspcrsion forcc (CT& magnctlc anisotropy (a,) and 
reaction fiek! (adcontributIons to proton rcsonana shifts air: cstimatod for selactad situations u,,el and ut 
art shown to TV capable of quite reasonable quantitative prediction for slmpk systems, whereas theoretical 
estimates da, are shown to k. as yet, inaccurate An cxprrlmcntal method for determining u4 is d-bed. 

The mfluena of the non-bonded interacttons on chemical shifts is discussed by rdercaa to tbc methyl 
proton shifts of hexamethyld~s~loxanc and tetramcthylstlanr. 

THE use of internal reference compounds in NMR has been generally aazepted for 
some time. Probably the most significant reason for adopting this form of referencing 
is that it avoids the necessity of correcting for diflirences in sample and external 
reference bulk susceptibility when tt~ latter type of reference is used. The internal 
reference methti aflords a simple way of assessing and correlating shifts for routine 
analysis. It is, however, apparent that there is a tendency, when making detailed 
comparisons of internally referenced shifts, to overlook solution effects other than 
bulk susceptibility. The present work indicates the possible sources and magnitudes 
of error that can occur in making shift comparisons for molecules not involved in 
specific intermolecular bonding. 

Proton resonance measurements, because of the relatively small natural shifts, are 
most likely to be significantly affected by solution effects. In the proton resonance 
field tetramethylsilanc (TMS) is widely used as internal refcrencc and for convenience 
the present work deals with measurements made relative to the methyl proton reson- 
ance of this compound. There are two conventional and essentially arbitrarily 
chosen scales based on TMS. One is the delta (6) scale for which bls is defmed as 
zero and the other the tau (t) scale for which the 7 value of TMS is 10 in carbon 
tetrachloride.’ The I scale will in preference to the S scale be used herein. Unknown 
resonance positions should, in general, be determined relative to TMS at infinite 
dilution in carbon tetrachloride for the resulting t values to have a consistent basis 
and be meaningful. For experimental convenience quoted ‘I values infrequently 
correspond to the infinite dilution criterion and to a first approximation these values, 
based on the position of TMS in low concentration (usually O-S?& are acceptable. 
However, shifts relative to TMS in solvents other than carbon tetrachloride are also 
quoted in 7 units and used indiscriminately for shift comparison. Whilst they may IX 
satisfactory for approximate shift correlations solvent efftis make accurate shift 
comparisons difTicult because a specific solute resonance measured relative to TMS 
in different solvents may be found to have differing apparent r values. Examples of 

’ Ci V. D. Tlcrs J Phps. (‘hem 62 I ISI (19%) 
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this effect have been reported recently’ for the methyl resonances of the methyl 
phenyldisiloxanes (Me,Ph, _ m Si&Si PhJ _-Me_ where M and n d 3 and may 
or may not be equal) which conventional measurement gave for each compound 
different apparent T values for each resonance when studied in carbon tetrachloride. 
chloroform. cyclohexane and benzene as solvents. Even hexamethyldisiloxanc an 
apparently simple molecule, provided a spread of about 006 ppm on the measured 
values at infinite dilution in the different solvents. 

In general, solvents can contribute to the shielding of solute molecules, relative to 
that in the gas phase, in four ways in the absence of specific intermolecular bonds. 
The contributions are due to (i) the bulk susceptibility of the solvent (ii) the magnetic 
anisotropy of the solvent, (iii) the Van der Waals or dispersion forces between the 
solute and solvent molecules. and (iv) the influence of the reaction field, set up in the 
solvent, on the electron distribution in the solute when the latter is a polar molecule. 
The associated shielding contributions erg Q,,, CT~, and aE respectively. are related to 
the screening constant in the gas phase (a,,3 and that observed in solution (CT,,,,) 
by Eq. 1. As mentioned previously the choice of internal referenoe compounds 

t7 
Ob 

=d v, + 68 + Q” + dLy + CJE 11) 

eliminates the necessity of correcting for ob However, ach of the contributions 
arising from (ii) to (iv) which modify the shielding of the solute and reference dif- 
ferently should be accounted for when making shift comparisons. 

Several expressions have been derived for predicting the magnitudes of 0,. bw and 
crE. Buckingham er ~1.~ have shown that the anisotropic shielding of spherical mole- 
cules by firstly. disc shaped and secondly, rod shaped molecules may IX calculated 
simply, but only semi-quantitatively, using Eqs 2 and 3 respectively. Ax is the dif- 
ference in magnetic susceptibilities parallel and perpendicular to the symmetry 
axis of the magnetically anisotropic molecule, R the distance from the centre of the 

-2?tAi( 
bA (disc) z -’ 3R, 

+nAX 
o,(rod)x- - 

3R3 

anisotropic molecule to the centre of the resonating nucleus, n the numhr of mole- 
cules in tk effective range of R, and 8 the angle between the axis of the solvent 
molecule and the line joining the centre of the solvent and the nucleus under an- 
sideration. Eqs 2 and 3 result from limiting conditions for Eq. 4, which was also 
deduced by Buckingham et al.,’ and is effectively equivalent to the more exphcit 

bA = JnR-‘AX(1 - 3~0~~0) (4) 

expression given by Stephen.’ Abraham’ has suggested Eq. 5 as a less qualitative 
and more generally applicable expression than Eqs 2 and 3. 

’ J. Elomcr. A W. Jarvie, A. Holt and H J Hickton, I Chem Sac. R, 67 (1%7). 

’ A D. Buckingham T Schatffer and W. G. .Schntldcr. J. Chrm. Phps. 32 1227 Il%O). 
l M. J. Stcpben. Mol. Phys. 1. 223, (1958) 
’ R. J. Abmham. Mnf Phys. 4. 369 11961 I 
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r-h 
GA = - 103’.jAx -- - 

(t + 2h)(t2 + I?)+ 

This was derived by considering the anisotropic molecule to be a cylinder of effective 
radius r (A) and height 2h (A) with different magnetic suceptibilities xl, and xl along 
and perpendicular to the cylinder axis, considered arising from an quivalcnt dipole 
acting along this axis. Eq. 5 does however. only provide an estimate of the shielding 
cant ribut ion from a single anisot ropic molecule. 

The contribution of Van der Waals or dispersion forces to the shielding of a 
molecule has been shown* to be represented by 

OW = 44 hsl[~,L’,~(~, + t‘2)l (6) 
where 

g = [(Zd - 2) (2n2 + I)] d, (7) 

n is the refractive index of the solvent and II the radius of the solute which can be 
deduced from its molar volume. p, a mean absorption frequency (the subscripts 1 and 
2 refer respectively to solvent and solute) can be deduced from Eq. 8 or often more 
conveniently from Eq. 9. In these expressions I is the ionization potential, a the 

1 
c’= 

h 
(8) 

r = - [4mc2 hN,a]~ (9) 

optical polarizability and x the molar diamagnetic susceptibility of the appropriate 
solution component. The value of 4 in Eq. 6 is characteristic of the nuclear species. 
Marshall and Pople’ indicate that 4 = -0.74 x 10’ I2 cm2 csu- 1 ppm for the 
hydrogen atom whereas - 1 x lo- I2 cm2 esu-’ ppm has been ~sed’*~ for bonded 
hydrogen. 

When polar solutes are being studied the surrounding medium is polarized and the 
solute experiences a reaction fiekl which modifies the electron distribution within 
the solute molecule and, therefore, the shielding of the nuclei. A similar effect can 
also occur for non-polar solutes containing highly polar groups because a quadrupole 
moment in the solute can lead to reaction fields that modify the solute resonance 
condition. The shielding contribution CT~ due to a reaction field E has been shown’ 
to be expressed approximately in the form of Eq. 10 where, for a sufficiently 

cr&+ = -2 x 10-‘2Ecos0 - 10-18E2 (10) 

symmetrical solute, 0 is the an& between the dipole axis and the H-- -X bond for 
the solute proton considered. The most significant reaction freki normally encountered 
for solutions of polar molecules has been defined in two ways Firstiy, Buckingham 
followed the approach of Onsager” to define E in the form of Eq. 11 where c is the 
medium dielectric constant and n and a the refractive index and polarizability of the 

F = 2(& - l)(n’ - l)fl --_ . -- a 
3(2C + n2b 

(11) 

a B. B. Howard, B. Lmdcr and M. T. Emerson J C)wm Phys 3& 4R5, (1962). 
* T. W Marshall aad J. A. Popk. Mol. Phys. 1. I?9 ( 19%). 

* A. D Buckingham, Conad. I Chum. 30.300 ( 1960). 
’ A. A. Bothner-By. J. Mol. Sp~c. 5. 52 (1960). 

lo t.. Onsager. J. Am Ckm. SK. Ss. 1486 (1936). 
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solute respectively. The solute is considered as a sphere having a point electric 
dipole effective from its centre with JA the gas phase value. Diehl and Freeman” 
have accounted for the shape of the solute molecules in Eq. 12 by considering the 
dipok to act from the centre of a non-spherical cavity with semi-axes u, 6 and c. 

E = ~3c.p + (nZ - UC,1 
[ 

(E- 1) 
- ._-- -- 
& + (n’5.).‘(1 - L) I (12) 

<, is a shape factor for the solute which can be deduced by the method of Ross and 
Sack.” The choice of Eqs 11 and 12 to best represent E can be decided readily by 
considering a simple polar solute such as chloroform in a non-polar solvent such as 
cyclohexane. Using the values pW = 101 x lo- ” esu,13 {, = O-364, u = BISA, 
b-c-3*25A’3n - - = 1.44643 I4 and I = O-819 x 10°2’ cc for ch1oroform15 and 

E20 = 202.3 for’ cyc;ihexane” e;ables the values 1496 x lo3 and 2261 x lo3 for 
E to be dcduccd resptively from Eqs. 11 and 12. Taking cos 0 = + 1 and neglecting 
the second term of equation 10 the respective corresponding values of CJ& are - W30 
ppm and -0G45 ppm. The quantitative significance of these values may be ascer- 
tained by considering the dipole moment of chloroform in cyclohexane relative to 
the gas phase value. The measured solution dipole moment u, is defined ’ ’ by 

Pa4 = p + a,E (13) 

in which a1 is the polarizability of the solute along the dipole axis; a1 is required by 
the model used to derive Eq. 12, whereas a, the normal polarizability, is required by 
t.hatusodinthedcrivationofEq. ll.Thevalueofa, forchloroform’ is0588 x 10-23cc 
and A is 1.1% x lo- I’ esu.16 Substitution of these values in Eq 13 yields a value for E 

of 31.63 x 10’. Alternatively, using a = 0819 x 10Bz3. E is found to t>e22-71 x 103. 
It would appear, therefore, that (12) should be used in preference to (11) when pre- 
dicting absolute values for bP However, because bg values are generally required for 
comparison purposes the use of Eq. 11 will not invoke serious etTors but will bene- 
ficially avoid the necessity of assessing <, for each solute molecule. Eq. 11 will 
accordingly be used in the following discussion. 

It is possible to test experimentally the quantitative accuracy of the expressions 
predicting 0”. crW, and bE The terms bW and cL. will be considered first. If. for example, 
the methyl proton shifts of hexamethyldisiloxane relative to TMS arc measured in the 
solvents cyclohexane. carbon tetrachloridc, chloroform, benzene and carbn di- 
sulphide the only terms of Eq. 1 that can modify the shifts are bK and bE assuming the 
anisoptropic effect of a solvent is independent of the shape of the solute. The measured 
shifts of hexamethyldisiloxane at the same molt concentration as TMS arc respectively 
9,947,9+947,9.939.9.885 and 9.961 T. If Eqs. 6 and 11 leading to bW and bE respectively 
are quantitatively acceptable for comparative correction purposes then each shift 

’ ’ P. Dxhl and R. Freeman, Mol. Phys. 4. 39 (1961) 
” I G. Ross and R. A. Sack, Ptoc. Phys. Sot. B63.893 (1950). 

” A. D Buckingham and R. J W. Lc FCvrc. 1. Chm SOC. 1932 (1952). 

‘* Hudkmk o~Ch.mbrry and Physics. The Chemical Rubber Publuhing Co. (1961). 
” C. G. Lc F&we and R. J. W L.c F&we. Rev. Pure ad Applied Ckm 5,261 ( 1955). 
” R. P Young A Holt and S. Walker. ‘I’etrohedrm 20. 2351 (19M). 
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should IX capable of correction within experimental error to the same value. The 
characteristic data of each compound necessary for the calculations are given in 
Tabk 1. The CJ~ contributions to the shielding of TMS and hexamcthyldisiloxanc 

Compound 
Molar 

volume 
Refractive 

index 

cc 

- . _-- 
Tctramcthylsilanc 

Hcxamcthyldlsiloxanc 

Cyclohexanc 

Carbn tctrachlorldc 

Chloroform 

Rcruznc 

Carbon dlsulphldc 

.---- 
13762 - 

2 14.23’ I.3741 b 

1.42354’ 
1.45759 

144643’ 

I.H)I 1P 
-- l 6295’ 

Optd 
Molar 

Dlelectrl~ 
dlarww~ von5tant 

D~polc 

polarirlbihty 
susccptibllity . 

moment 

x Io’4 cc x 
- 1 x 10”cc 

cc:molc 
DCbytS 

12.78’ 

21 H3f 

10U7’ 

IO 24’ 

H 32’ 

9 $7’ 

H 32’ 

. _- ._.- . - 
72.16’ 

119 34’ 0 w 

68 I3 2015’ 

(X.6’ 2.22p -_ 

5Y 3’ 4.719 

5484’ 2.274’ 

4lcy 2.62R 

l Calculated from dcnstttcs taken from h 

’ V BaZant. V. Chvalovsk); and J Rathouski. Orgonosrlirun Compwncis Clechoslovak Academy of 

ScicnaX (1965). 
’ Ref. 6. 
’ Ref. 14. 

’ Calculated from ~hc data 04 A. P. Altshullcr and I. Roscnblum J. Am Chcm SW 77, 272 (1955) 

’ Calculated from the dara of R. S Holland and C. P. Smyth. J. Am Chem SM. n. 248 (19551 

’ Rcf 15 
’ Calculated from data gwcn by C. G. L.c Ftvrc and R. J. W. Lt Ftvrc. J. Chem. Sot 487 (1936). 

’ F+stimatcd from Pascal’s constants. 

’ Rcf I8 

’ The average OT values given by 11, I-rcwr. M. V bgk and J Spcwr. J Am Chem SW 75. 2824 
(1953); R. 0, Sauce and Il. J. Mead, Ibid., 68, 1794 (1946) and A, A. Gundyrev, N. S. Namctktn and 
A. V. Topchicv. D&I. Alrod. Nu& SSS.R. 121. 1031 (1958). 

’ All tcmp dependent data arc quote4 for 25 or as CIOK thereto as possible 

can be computed readily for the different solvents and have the values given in Table 2. 
The evaluation of the bt’ contributions to the shielding of hexamethyldisiloxane 
in the various solvents is not simple because of the difficulty in obtaining a value for 0 

TABLE 2. CALCt:tvAm> S0LtZ-t-E -SOLVEKT IhTIRAC-T’lOh’ <WhTRIRLTlOM (ppm) 

TO TIE SHlfWIMi Oc IETRAMETHYLSlLAt’itf AND HtXAUt3HSLDIStIX)XAN IF; 

91 t-C-TED sot.VEHTS 

a* all UK 
_ .-. - - __ .-. -. ._. ._ 

Cyclohcxanc -0090 - 0057 -o-o07 
Carbon tctrachloride -MI97 -0061 -0ou8 
Chloroform -0v99 -0063 - 0014 
Bcntznc -0095 -o+w -cH_w8 
Carkm disulphidc - 0,103 - oiKl5 -0OIO 
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in Eq. 10. Furthermore. in view of the uncertainty regarding the geometry of hexa- 
methyldisiloxanc, it could be misleading to assess a definite value for 0. In fact if all 
rotations in the molecule arc considered perfectly unrestricted 0 could vary between 
0 and 180 resulting in a zero dE contribution. If however, as is possible, small steric 
interactions preclude certain geometric arrangements a real and effective value for 0 
could arise The CJ~ contributions to the shielding of hcxamethyldisiloxane which are 
given in Table 2 for the various solvents arc the maximum values possible. Using the 
appropriate values from Table 2 the observed shifts are readily corrected assuming 
negligible solute solute interactions at the low concentration used. The shifts, corrected 
to the T scale in carbon tetrachloride. are 

CnH** CCI, CHCI, C&H, (32 

9.949 9.947 9.945 9.886 9.96 I 

The shifts in the first three solvents correspond within the limits SCI by thccxperimental 
accuracy. The value in benzene remains low. This is probably due to dipole-induced 
dipole association of the hexamethyldisiloxane with the benzene in such a way that a 
complex is formed with the hexamethyldisiloxane oxygen on the hnzene six-fold 
axis. This could place the methyl protons in a relatively deshielded region and give 
the lower than normal shift as observed. The corrected value in carbn disulphidc is 
still unaccountably high. If this discrepancy is attributed to the dependence of solvent 
effective anisotropy on solute shape the shielding observed is contrary to that pre- 
dictedJ for rod-shaped solutes in rod-sha@ solvents. 

It appears from the preceding evidence: that the bW and bE contributions to the 
shifts of simple non-bonded solutes in solution may be corrected for in a reasonably 
quantitative manner. On the other hand, the several expressions for predicting b,, 
invariably produce only semi-quantitative agreement with the few experimentally 
determined solvent magnetic anisotropics. For example. Stephen* predicts a value 
of + 047 ppm for benzene using an expression similar to Eq. 4. Buckingham et al.’ 
1.3 ppm for benzene and - @5 ppm for carbon disulphide using Eqs. 2 and 3 rc- 
spectively. Abraham’ +0*08 ppm and - 0046 for single benzene and carbon di- 
sulphide molecules using Eq. 5. The value obtained by Bothner-By and Glick” for 
hnzene was corrected by Abraham’ to 1.51 ppm. The experimental values deter- 
mined previously for benzene are quoted as +0*6 f 05 ppm,” +0*33 ppm,3 and 
+0*42 lo + 0.43 ppm,’ and those for CS2 - 0.42 ppm,3 and - 0.13 to - O-14 ppm.’ 
The prmdure adopted by Abraham5 for determining Q,, appe.ars satisfactory to a 
point since: he compared the shift of a non-polar solute in the anisotropic solvent with 
that of the Same solute in a similarly constituted solvent of identical bulk susceptibility. 
This procedure eliminates the uncertainty due to bulk susceptibility corrections. 
However, whilst it was claimed by him that bW corrections are also avoided it is 
apparent from Eqs. 7 and 9 that unless the refractive index and optical polarizability 
of the two solvents arc also identical this is not true. Furthermore. the method is 
has4 on the assumption that the magnetic anisotropy of the normal solvent. e.g. 
cyclohexanc. is negligible. To ascertain the approximate order of magnitude of the 
magnetic anisotropic shielding by the socalled normal solvent cyclohexane, its shift 
at low concentration in carbon tctrachloride was measured relative to neat cyclo- 
hexane as external reference. After correcting for bulk susceptibility differences and 

“ A. A. Borhncr-Ry and R E. Wick, 1. Chmt. Phys. 26. 1651 (19571, 
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neglecting 0 W contributions the shift indicates that the anisotropic shielding of 
cyclohexane is of the order of +@l ppm. In view of the possible deficiencies in 
Abraham’s method an alternative procedure is now propo.sed which does necessitate 
correction for g,, and crW. The shift of a non-polar and isotropic solute (TMS) is 
measured in the various solvents relative to the same solute in carbon tctrachloride 
which is taken as the isotropic standard. The same low concentration of solute IS 
used in each of the solvents. For each anisotropic solvent two samples arc prepared. 
One consists of the solute in the anistropic solvent contained in a normal precision 
cylindrical tube in which is sited a precision capillary filled with the solute-carbon 
tetrachloridc solution. The other sample contains the carbon tetrachloridc solution 
in the main tube and the anisotropic solvent solution in the capillary. The solute 
resonances in the two solutions of one sample can he identified on relative intensity 
grounds. The shifts obtained using TMS as isotropic solute with the five solvents 
studied herein arc recorded in Table 3. It can be seen that the magnitudes of 1 hc two 

TABLE 3, THE PROTOS s111FTs EOLWNIS RHATliL l-C) TttAl IN (‘ARtWN 

SdbenI in 

Capdlary Marn Iubc 6 Ippm) l 

Solvent In 

(‘apillary Mam iubc 
J ippml* 

CO. ccl, Kor dcmxd 

ccl, (311 +0253 Cd{,2 C(‘I, 0.259 +O 122 

Cm CIICI, 0.074 CHCI, CCL + 0.077 t 0027 

CCl, C& + 0,654 Cd, (‘(1, - M42 + 0.490 

ccl, C% -0132 aI CCI, + 0 149 -0124 

l Thee shdrs arc. for convenmn given rclativc to tlx rcsonanm of TM In ~hc capillaries 

shifts obtained for each anisotropic solvent system differ. These shift differences arc 
expected kcause. in general, if the shift between two samples A and B. with volume 
susceptibilities xA and x8 resFctivcly, is measured first with B in the main tube and A 
in a reference vessel and then with the sample positions rcvcrsed the two observed 
shifts (&_ A and 62 -d) arc related to the true shift (61_ A = - ~5: _ 3 by different equa- 
tions which are 1Qa and 14b in which Q, and z2 are shape factors characteristic of the 
internal and cxtemal surfaces of the reference vessel. These expressions, which were 

a:_, = a;_, - 

8:-, = 6;_, - 
4n 

I( > 
3 - a, XB + (2, -112)Xlt(a2-!$,,] 04b) 

deduced by Frost and HalLLP are independent of the gcomctry of the main tuk 
However, depending on the geometry of the reference vessel, they show that the 
corrections to the observed shifts, necessary to obtain the true shift, can depend on the 
susceptibilities of A,B and the material from which tk reference vessel is constructed 
(x,). For a F>erfcctly spherical vessel 2, = a2 = (471 3) and no correction is necessary. 
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For a perfectly cyclindrical vessel, with length large compared with radius, a, = cc2 = 
2rt and the well-known susceptibility correction is nary and Eys 15a and 15b 
are applicable. If a, # a2 the measured shifts should ideally be corrected according 

L = G- A + (2x/3) CX~ - xe) U5a) 

G-e = G-B - (2N3)(XA - XB) Wb) 

to either Eq. 14a or 14b as appropriate. However, it is possible to express the true 
shift (now denoted by G1 ,J in terms of the two observed shifts in the form of Eq. 16 

4 
t -* = +(&_, - a”, ‘- Lb) + #XA - xs) la, + z2 - @x/3)] (16) 

which is independent of x,. If a perfectly cylindrical vessel is used Eq 16 reduces 
to Eq. 17. 

S;‘_,, = J(&_ ,, - 6; +,) + (2x:3) (xA - xs) (17) 

Consequently, if as is the normal practice, imperfect cyclindrical reference vessels 
arc assumed to be perfect the approximately correct shift (ST,! A), obtained from 
Eq. 17, dickers from the actual shift by the amount givenby 

aT1 n A - 6;’ A = fiXn - &#) [zt + r* - 4x1 (18) 

One further general point is also apparent. This is that because for most capillaries 
at # s2 any single externally referenced shift corrected using Eqs 15a or 15b will 
provide an apparent true shift which can be subject to appreciable error. In the 
case of the observed shifts given in Table 3 each vaiue was obtained using a different 
capillary. Therefore. if in the two experiments we assume the shape factors for the 
capillary containing A to be zt and s2 and z: and ai for that containing B, the aqua- 
tions analogous to 16 and 18 arc respectively 

8X!‘, = #;_ ” - 60, *) + JXAIZl + z; - (8n.‘3)]- lx&&z2 + 3; -(8n ‘3jJ 

- f& - z2 - z: + 2:) (19) 

and 

ST” B A - 6:’ A = - 27Qn - xs) + OX.& + ai) - iXda2 + rt) - &(a1 - a2 
- z; + 2;) (201 

In order to test the departure of the reference vessels from perfectly cylindrical 
geometry Eq. 21, which gives the difference in magnitude of the observed shifts. can 
IX used. The discrepancies between each pair of shift values given in Table 3 indicate, 

G-A + d;_B = ~~(q - z2 + 4 - 4) - L&~ - 2:) - xd4 - 32) (21) 

because none of the susceptibilities are zero, that the capillaries are not perfect cylinders. 
Because of the difliculty in estimating z,, a2, ai and ai and the fact that the currently 
proposed method for estimating bA is inhcrcntly subject to errors by virtue of the 
uncertainty in the corrections for 0 W it will sufhce to assume that since precision 
capillaries were used the condition r, = ai = a2 = 2: = 2rr is valid. Approximately 
correct shifts can then be estimated using Eq. 17. The values obtain& in each case 
differ from the actual values by amounts defined by Eq. 20. The average shifts. 
corrcctod for bulk susceptibility differences. are shown in Table 3. Correction for 
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differences in 0 W, predicted in Table 2 enable the effective solvent anisotropies to bc 
calculated. The final Q contributions for each solvent given in Table 4, should only 
be considered signilicant within a range deft ned by the difference in the two uncorrected 
S values for each system given in Table 3. The values for benzene ( +0+488 ppm) and 
carbon disulphide ( -0.118 ppm) agree favourably with those reported by Abraham, 

S43lvcnl 
. -__ 

C’yclohcxanc 

Chloroform 
Rtn;rrnc 

Carbon disulphlde 

UA (mm) 
_. 

+O.I I5 

+0029 
-t 0,488 

0.1 I8 

although agreement in the case of hnzene is perhaps fortuitous in view oft he assump- 
tion of negligible anisotropy of the normal solvent standard cyclohexane, made by 
Abraham. It is worthy of emphasis that cyclohexanc which is gcncrally considered 
a normal solvent does provide a large (0 115) positive magnetic anisotropic shielding. 

One final point now becomes apparent. This is that if the strict definition’ is 
of the f scak is adhered to, the reference shifts of TMS in solvents other than carbon 
tetrachloride should not be taken as 10 but that shift appropriately corrected for 
crb, 0, and bW relative to the carbon tetrachloride scale. That is, in cyclohexanc, 
chloroform. benzene and carbon disulphide the absolute shifts of TMS should bc 
10+256,9+924. 10.658 and 9.859 T respectively. However, for internal refercncc purposes 
the bulk susceptibility corrcytions included in the above values arc unnecessary and. 
furthermore. unless the lengthy corrections for all other solute-solvent effects relative 
to the conventional scale are undertaken the measured shifts will still not be related 
directly to the inferred’ absolute mlc. 

EXPERIMENTAL 

The proton rcsonanrx spectra wcrc ohtambd al 34‘ usrng a Pcrkrn-Hmer R 10 spectrometer opcratmg at 

MMHM Mc’s. Shift mcasurcmenb wcrc made usmg the conventional sideband tochruquc employing a 

MuIrhead-WIgan D-890-A oscillator 10 provldc the cahbratlon srgnals, the frcqucnclcs cd whti wcrc 
il5Ksstd with a Venncr 3336 frcqutncy counter. The shift valua quoral were measured IO an csrrmatcd 

accuracy of +ooo4 ppm. Prcclslon drawn cyhndrrcal (0,181 inch) sample ~ubu conrarnmg precision 

2 mm dramctcr reference capillaries were used for all measurements 

” J. W. Emsfey. J. Feeney and L H. Sutcliffe fflgk Rr+durbn Nudem Mapetk f?e.tmmwt Spcctto~opy. 

Vd 1 Pcrgamon Press IlY651 

‘* D J Frost and G E. IIall. Mol. f’hys. 10. 191 (1966) 


