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SCOPS AND CONTENTS:

The selenium resonance has boon observed and chemical shifts 

measured for a number of compounds. The range of shifts observed 

was *^1800 p.p.m. although the resonances for all molecules 

except HpSc were within a range of ^ 1000 p.p.n. The shift 

between H^ScO^ and ^Se did not agree with elchli’s result . 

Chemical shifts for four- and six-valent compounds are dependent 

on the valency and co-ordination number, but there does not 

api^ear to be any simple additive contribution from different 

ligands. Selenium-fluorine coupling constants appear to be 

larger for six-valent than for four-valent molecules. Selenium 

isotopic shifts ranging from 0.016 to 0.023 p.p.m. have been 

observed in the fluorine spectra of HSeOwF, SeOgF^, $e^6 ar^

ii



Adda and bassos have boon shown to shift the resonance of sqOC1p

by ionisation processes involvin'; the solvent and some other offset which

may be solvation.

Further improvements in technique to give an increase in si. .al

intensity are required before any wide application to problems in

chemistry becomes possible.

The hydrogen spectra of the system ScO-/^© were observed to be

very similar to those of SO^/H^C.
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CILAPTdR 1

inTHCDUCTlOH

After the discovery of nuclear magnetic resonance (M-3) in 194.5 

it was applied first to the measurements of nuclear magnetic moments and 

then chiefly to organic chemistry, Because of the relatively high 

magnetic moment and resultant ease of observing the signal most of the 

oarly work was confined to proton spectra. In recent years with the great 

improvements in technique and equipment 'which have occurred it has become 

possible to observe high-resolution spectra from other nuclei having much 

smaller magnetic moments than the proton and other unfavourable properties 

such as low natural abundances and relatively large quadrupole moments; 

it has proved possible moreover to use such spectra in the investigation 

of problems of inorganic chemistry. A comprehensive account of the 

achievements in this field has recently been given by Kuettcrtics and 
1

Phillips . Apart from hydrogen the most easily observed and most studied 

resonance is that of fluorine-19 whose magnetic moment is nearly equal to 

that of the proton. A wide variety of phosuhorus-31 compounds have also 
2 3

boon investigated and boron has been quite widely studied although it 
10 11has the disadvantage of being a mixture of two isotopes. B and 3 , Loth 

of spin greater than one half, which therefore give broad lines except in 

very symmetric molecules. Other nuclear resonances which have been used 
13 14 17 2°in the study of chemical problems include those of C , N , 0 , Si , 

Sn11?. Co89. cX
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Ao there has been extensive work on sulphur compounds in these 

laboratories especially those containing fluorine it was honed to develop 

selenium NMR ac an aid to the elucidation of structures and reactions of 

some analogous selenium compounds.

Selenium-?? has a spin of one-half but there are nevertheless 

several difficulties associated with observation of the Se resonance 

which will bo discussed later, and in fact only two somewhat limited 

investigations have boon published previously.

The work described in this thesis is essentially a preliminary 

study of selenium UMH in as wide a variety of compounds as possible and 

was carried out in order to establish the dependence of the chemical 

shifts and coupling constants on molecular structure, attached (groups, 

etc. Only a for; applications to the inorganic chemistry of coionium wore 

attempted.

.-here possible hydrogen and fluorine resonances wore observed in 

addition to the selenium resonance in order to supplement and confirm 

information an coupling constants and structure obtained from the selenium 

spectra.

Selenium resonances cannot be observed by the methods which uro 

customarily used for hydrogen and fluorine and it is therefore necessary 

to give an account of the basic theory of ‘IMS and the special techniques 

which must be used to observe selenium spectra.
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3e s j c The cry

Any nucleus having a spin quantum number I not equal to zero 

possesses a permanent angular momentum Ki and a magno tic moment j^ 

defined by the equation

u’ = YK

where Y is the gyrccjagnetic ratio for a particular nucleus and is given 

by

1 2Mc

whore o is the charge of the nucleus( H the mass of the nucleus and g 

the nuclear g~factor.

xhe component of I along any direction lias 21+1 distinct values*

I, I - 1, ..... -I

and. it ic convenient to define a maximum observable component of magnetic 

moment n such that p. = YXh and the complete set of magnetic moment 

values are

3
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Bach of these states has the Gano energy in the absence of a magnetic 

field but when subjected to a field of strength Hq, the energy of inter- 

action is -A’H or for the observable components

"^o’ - ^1^ Mlio» o.o. mHq .

Banco the energy difference between adjacent levels is —y— .

In a nuclear magnetic resonance experiment transitions uro induced 

between these levels and energy is absorbed from, or emitted to, an 

external source. The quantum, mechanical resonance frequency, or Larmor 

frequency, is given by

M Eo kt) = —p— 

or 9 = 122.

For a magnetic field of the order of ton kilogauss 9 lies in the radio- 

frequency range. For nuclei with I = -J (e.g. h , F y, So'') there arc 

just two energy levels whose poimlations will not in general bo equal, if 

there aro n in the upper level and n in the lower,

- on ano —:—r- kT

where T is the absolute temperature and k is Boltzmann’s constant. .hen 

ths nuclei are irradiated with a magnetic field H, oscillating sinusoidally 

with the Larmor frequency there is an oxchange of energy and since the 

probability of stimulated emission of radiation is the same an that of 

absorption the two populations tend to equalize. Hence there is ar.

absorption of energy - this is the NM3 signal



i idiotic resonance may also be considered in terns of classical 

mechanics. Each nucleus is regarded as a small magnetic moment co that 

under the influence of H the nuclear moments precess about the direction 

of H with the Larmor frequency. To an observer rotating at a frequency 

near the Larmor frequency tho nuclei appear almost stationary and the 

effective magnetic field becomes very small. ..hen a low strength radio

frequency field H_ is applied rotating with tho same frequency and in the 

same piano as the observer tho net field acting on the nuclei consists of 

two components at right angles and the nuclei precess about tho resultant, 

hen tho frequency of H_ becomes equal to the Larmor frequency the only 

field acting is h^ and the magnetic momenta will tip away from the s-axia 

while rotating in phase with H^ about this axis.
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Tho vector num !' , of the individual moments of an absently of cue.. x.uclei 

must be pa mile?, to H and will Lave a snail negative valua c.ii.-. tc the 

excess ouvlation of the lovxr enemy state. Under the influence of H, 

the populations tend to equalise although the phenomenon of relaxation 

opposes this. The nuclei through interaction with their surroundings tend

to restore the Bolturann equilibrium populations. The spin-lat;ice or

longitudinal relaxation time, T^, is a me .sure of the time for relaxation

by thermal interaction with the ’’lattice1’, i.e., neighbouring molecules.

T’ the spin-spin or transverse relaxation time is only defined if it is

shorter than T^ It measures the tendency of the nuclei to lose plmsc

coherence tl trough interaction with neighbouring magnetic dipoles end is an

important factor in solid and viscous liquid samples.

Bloch derived a sot of equations describing the behaviour of tho

magnetic moment;

dM
of • ^Vo ♦ V1 Sin "^

at = YO^ co. Mt - iyio) - £ lb

dM
-yr* = —Y(i! H_ sin dt x 1 cet + M H, cos 

y i
»jt)

The steady-state solutions of these equations where the rate of traversal

of the signal is assumed to to very slow are:



K o

, . 2, >2 2-

coa T_(o - sin wt

1 < i'_, U^ - iv) -:• ^1^ —>-2

’.’.'here the susceptibility

so that the susceptibility

X’ = f X « Tn o o 2

and the susceptibility out

in phase with :L is

of phase with H^ is

x = * VA “————^———------
0 0 2 - < t 2f.; ~ / .-. -Ar A t 

~ ’ '2 ^o ' ’ ’ “12
dM.^

The rate of energy absorption is proportional to H^ ~A snd thus only th

out-of-phase component or v-mode gives a not absorption. Equation 2b)

shows that the maximum absorption occurs when

= 1

where S is the saturation factor.

Hence the best value of H^ for each cample will depond on the 

values of '1^ and T^. Saturation occurs when the equalisation of the 

populations through the action of H_ is more rapid than tho relaxation, 

processes. As saturation conditions are approached the amount of energy 

absorbed from the r.f. field becomes vanishingly email.

In tho NMH spectrometer the cample is subjected to a strong 

constant field H^ from an electromagnet end a small sinusoidally oscillati



radiofrequency ?ield produced by a coil KurJ around the sample V. ; .. (Tai 

oscillating field is oqui relent to two rotating fields, rotating -' eggosit 

sensor;) A second coil wound around the sample holder with its ixls

t ocndiculor to both -i and ’L acts us the receiver ires which the signals OX -
puss to a phase-sensitive detector, amplifier and recorder. The applied 

field H is slowly varied by changing the current in a set of auxiliary 

sweep coils.

Chemical Chlftc and "pin-Grin Couylla- Constants

The resonance frequency io nut in general the same for a given kind

of nucleus in different situations but depends in a complex way, to be

described later, on the electronic environment. Thus the field experienced

by the nucleus is different from the impressed field M . The difference

in field or frequency oetween the two signals io lunown as the chemical

shift, 0. It is measured in parts per million ind defined by the equation

106

whore U, 9 are the field and frequency at resonance of the sarnie in 

Question and li „ , 9 „ are values for a reference ccmoound.- ref. ref.
I .any resonances orc not single lines but consist of multiplets with 

cr’apononto of different intensities. This is a consequence of interactions 

between the spins of two or more non-equivalent nuclei in trie sore molecule. 

Considering a single molecule AX with x = ■a fox both A and X, the two 

different orientations of the a nucleus will give rise to two equal and

opposite fields at the nite of the X nucleus and therefore two X signal
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of equal intensity are observed. Exactly the same effect io produced by 

tho X nude is at the site of A ho that tho A resonance io dee a doublet. 

In liquids the direct dipole-dipole coupling is averaged to zero by 

molecular tumbling; u- bservablo effect is nevertheless transmitted via 

the spina of the electrons of the AX bond and this is known as spin-spin 

coupling. For A^X the possibilities for the spins of tho A nuclei ray 

bo represented as follows

ft 11 IT U
a b c d .

The net effect of b and c is the sane co that the X signal will be a 

triplet with components having an intensity ratio of 1:2:1. Tho A signal 

will be a doublet.

A similar argument cay be applied to cjlecules containing any 

number of A and X nuclei. For example the X signal of an AX molecule 

will be a quartet and of an A^X molecule, a quintet.

The frequency difference between tho signal components is called 

the coupling constant and by convention, is given tho symbol J. Spin- 

spin splitting effects are also observed between atoms which are separated 

by a distance of more than one bond in a molecule although the magnitude 

of the coupling decreases rcpidly with increasing nuaoer of bonds.

when J is not small compared with 6 the above simple theory is 

not valid and the multiplet splittings are more complex.

Spin-lattice Relaxation Timo

For nuclei with I = 2 cue doainant .ucluaisaa a or s^in-labbico
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relaxation orc magnetic field fluctuations caused by inter- and intra

molecular magnetic dipolc-dipolo interactions. The equations for the 
7

relaxation times resulting from these effects are:

, 2rA2Y 2T)a5
e •M^Mn^M-MMMM 

li intra ''‘-1

1 i) Na

li inter Kx
b

whore p is the viscosity of the liquid sample, a is tho "radius” of the 

molecule (regarded as a sphere), k is Boltzmann’s constant, r is the 

internucloar distance and H is the number of molecules per unit volume, o -
The suffices i,j,f represent quantities referring to the nucleus being 

considered, other nuclei of the same species and other nuclei of different 

species respective!;. . In equation (jh) j and f refer to nuclei from the 

same molecule as i and in equation (Jb), to nuclei from a neighbouring 

molecule. Thus since the value of Y for selenium-?? is approximately one

fifth of that for hydrogen and fluorine, T^ is comparatively long for 

selenium. Nevertheless for molecules containing a number of nuclei with 

high magnetic moment, o.g, SeF$, SeF^, H^ao, 2, can be relatively short 

compared with the value for such molecules as SeCC^, Sc^Cl^. There are 

several other possible mechanisms for relaxation but their contributions 

ere expected to bo much smaller for the molecules considered in this thesis.

The relaxation time determines the width of the signal (provided 

that the field H^ is sufficiently homogeneous). The uncertainty principle 

may be written in the form,



/ e • At'v 1i

where Ac, At ore the uncortair.tieH in the energy and time res: ctively.

Substituting Ac? a h 9

1 
A 9 =

Thus the line width is proportional to ~ or ~’ • nuclei with I > 4 

possess electric quadrupole corents and the interaction of ouch a 

quadrupole moment with fluctuating electric field gradients provide, an 

important relaxation mechanism. In fact for all except very symmetric 

molecules this is the dominant effect. Thus cost nitrogen spectra for 

example, consist of rather broad lines from which fine structure can 

only bo resolved with difficulty.

Previous .York

Tho selenium-?? resonance was first observed by Dharmatti and 
4

Weaver who measured tho magnitude and sign of the magnetic resent in a 

12~raolar L’beO., solution by reference to n d..um-2J.

Walchli in 1953 using a nuclear induction system and sweeping 

tho frequency at constant field measured tho resonance frequency of H^Ge 

with reference to D2C and using tho ratio of tho magnetic moments cf 

the sodlum-23 and deuterium nuclei found it was different from the valve 

for H-SeO- obtained by Dharmatti and caver. This was concluded to be 

due to a chemical shift which was confirmed by a now measurement on 

^‘CO,. The signal of I^SeO^ was also observed and the shift measured..

The results obtained wore.



So^CH^SeO..)
-7------~-----^ = 1.001504 t 0.00004

or t ~ 1504 £ 40 p.p.m.

So77(H2SeO. )
7— ----- _±. = 1.001560 £ 0.00003
3g7 ^(^Oo)

or t = 1560 ± 80 p.p.m.

fepcriaontal Techniques

The spectrometer used was a Varian Associates Type HR60 operating 

at a constant radiofrequency of 10,5 Mc.p.o. The field was varied bv 

steadily changing tho current in the auxiliary sweep coils. For the 

purpose of making a preliminary observation of the Sc resonance the current

control on the magnet power supply was fir t approximately calibrated 

using the relatively strong signals of Nn ^ in aqueous NaOH and x^' in

aqueous KI and noting tho magnet current required to obtain resonance.

The approximate current necessary to observe the Co resonance was then

calculated and the magnet current control adjusted accordingly. The field

was then swept in this region by means of th auxiliary swoop colls.

Because the So signals wore expected to be quite weak tho initial 

search fox' a selenium resonance was cade using a concentrated aqueous

solution of H^SeO
3 in a non-spinning 15 bb o.d. cample tube, and broad-line
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technique was used. However the broad derivative signals were unsuitable 

for the accurate measurements of chemical shifts and far ths de-action of 

fine structure due to spin-spin coupling# Consequently once a number of 

So resonances had been located by the broad-lino method attempts were 

made to observe obsorp tion-mode sisals under high-resolution condit -ns. 

In order to improve the signal/noiso ratio an audio sideband technique 

was adopted.

To 3rond-Lino Method

In this method H is modulated with a small-aianli tudo, sinusoidal o 
oscillation with a low audiofrequency (generally 40 c.p.s.) and tho output 

is fed to a phase-sensitive detector. The resulting signal is the first 

derivative of tho absorption (or dispersion) mode. This method gives a 

very good signal/noiso ratio and is /.articularly suitable for observi. 

weak* broad* peaks* The signal intensity recorded is larger the larger 

the modulation amplitude but this must be considerably less than the signal 

width or distortion of the signal occurs. ecausa tho output is of

constant audiofrequency a narrow bandwidth amplifier may bo used further 

increasing the signal/noiso ratio. Sc resonances were observed by this 

me thod in samples of SeF^* H^SeC^, SeCl^* SeC^ ^h CoGCl^ containing a 

trace of FeCl^. Ferric ion is paramagnetic and greatly reduces _\ thus 

broadening the signal. The signal from JcOFg s observed io bo u triplet

due to spin-spin coupling.



Iho Av^io-Sideband method

Shen H is modulated with an audiofrequency which is It./go compared

with the line-width sidebands are produced at a field value the on either 

side of tho signal where it = 1,2,3, .«. and « is tho frequency of t .o 

modulation in angular velocity units. In addition to the standard r_.

frequency, eQ, both the centroband and the sidebands have components ox

frequency « ± pw^, where p = 1,2,5, ... o

The phase-sensitive detector of the af. receiver converts a.c.

signals of frequency a to d.c. c;d those of frequency t; 2 ps^ to pw^ a.c,; 

normally when observing high-resolution spectra only signals of frequency w' o
are selected. In tho Varian VJ521 Integrator which provides a modulation

of *v 2000 c.p.o. the output of the nf. receiver is fed to on a.c. ampli

fier and band-pass filter which rejects the d.c. signal, rectifies signals 

of frequency s to d,c. and attenuates the a.c. signals of frequency ; 

it then passes to an audiophase-sensitive detector which rejects all 

frequencies other than wq. Ibus any noise arising from fluctuations in 

probe balance (due to heating effects, etc./ .hich will have the radio

frequency c is eliminated.

The lloca equations (1) may bo written in tho form;

a + iw.m - iha + r = 0

’ H~ Eo
H + ImCfah*) + 7^ = o“
" X1 "1
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where a = M + IM
x y

A Z

h = H + 1H
" y

Under tho action of an r.f. field rotating with singular velocity w

-lot , , -lotm s m_ e h » h,©

and the equations become:

“1 * 1(»A - ^ + ^ = ^

±f the field modulation is expressed in tho form:

w, = u <■ YH cos w tA O □ El

where w = YH , then provided that Ao is varied slowly and YH_ <3^ u OO g X
the solution of the equations as given by Anderson is:

oc oc

m^tiu-Y^M^
J. (0)J (p)fl-iU«+ k cjd/01*11^

n=-ock=-oc UUw^)2?/^2^^

YH
where Aw = « , k is defined as above, n = k-p and JO) is 

'm
a Bessel function of the first kind given by
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cc
J Q) = I
u n=0 mJ (a + a + 1)J

if a io a positive integer.

If a is a negative integer then J (3) = (-l)"u (3)

The well-known result for the centreband without field modulation

is given by substituting It = 0, n = 0, 3 = 0 in equation (4) giving

^VoV1 “

1 + Uw^T, + VH- -ITT,
since J (0) = 1 

0

iThen 3/0 the centreband resonance has a component of frequency u which

io of the form:

= v + in
-2iM YH.TOJ (3)J, (3) sir. - t(l - il:-.T_) o 2 o x d

l+(AwT_r + y n, t " J (3)r x 1 a o

The r.f. phase detector is normally adjusted ^.. ..■ centreband operation so 

that the absorption or v-aodo io passed and tho dispersion or u-mode 

rejected. Thus when modulation is splayed a phase shift of 90° rust be 

introduced in tho rf, phase detector to observe the v-modej with zt/o 

7 base shift the u-mode is observed. This v-nodo signal is detected by 

the audiophase detector only if a phase shift of 90° (relative to the 

current in tho modulation coils) is introduced in tho reference signal 

?om tho audio-oscillator.

Because of tho small value of Y for Sc^^ it is not possible using 

cho modulation frequency of the V5$21 Integrator to attain the 3 value of



1»8 which gives tho maximum signal intensity and it therefore becomes

convenient to observe the first sideband with 0 <3C 1 rather than the

centreband. The form of the first sideband signal is given by cubstitutin 

k=l, n=0,2 in equation (4) and since the contribution from n = 2 may 

be neglected for small 3 the equation becomes:

^ - fG^Ii^L^
1 - i(aw + « )T_ 1 Feos cc t + i sin w t]

1 + (Aw + e ,) lb, + Y (i'-^) T?T?

It may be seen that the saturation parameter is Y (-2011.) -^^ ^^ “i nay

be increased without catm ;tion occurring. Under optimum conditions the

signal obtainable is the some sine as tho usual centreband signal although

the signal/noiso ratio io reduced by a factor of V2. ’Then both the nf.

ihacc and audiophase are 0° tho -entroband is ell dnated and the sideband

signals arc seen in the absorption node (see Fig. 2). Since the VJ521

Integrator is chiefly designed for centreband observation and the phase 

and amplitude controls are only for fine adjustments to this system, an 

external source must be used to shift tho phase back to approximately 0° 

end attenuate Hq go that 0 ^v 0.25. A 2 microfarad capacitor inserted in 

the circuit between tho oscillator and the sweep coils serves this purpose.

Adiabatic 2apid Passage

Thio further technique was also investigated and used in a few
6 

experiments. As originally described by Bloch tho resonance is traversed

in a time large compered with ~- but email colored with T and ~\ and 

the st ady state approximation used in solving equations (?) no longe"



1 les. Th^ noTarisation 11 is completely reversed as II paxices throw f»h 

the .resonance value each tiine resultin'; in 5 .version of the abe rption 

signal for alternate sysops. The solution, of equations (1) under the 

rj.ovc conditions is:

”X " (1 Z bV cos et

M _ ---- ^—^r sin -t

(1 + c2)

W “ fl.) 
where t = ”yh~~ an$

Ct U (t’)bU’)
i-oc T.J1 + ^(f)^

t* &2(t°) 4- ^

t Tjl + fc2(t”)]

Thus tho sign of K nay be positive or negat. v- depending on the value of 6

in the past. Alien I is changed rapidly 11 is almost constant in the region

of resonance and the exponential term in the above expression varies

slowly. Under the regular conditions of slow passage the main variation

in h is caused by the exponential term.

napid passage given a relatively nigh . ignal/noise ratio and

problems of saturation arc- avoided but the linos are broader, the line

width being proportional to n^.



Fig.2: SIGNAL SHAPES [Diagrammatic]

Slow Passage Absorption Mode

Slow Passage Dispersion Mode

Slow Passage Absorption Mode Derivative

Slow Passage Dispersion Mode Derivative
i 
। 
i 
i।

Rapid Passage Absorption Mode

Rapid Passage Dispersion Mode
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Fig. 2 cont.: SIDEBAND SIGNALS

Slow Passage Absorption Mode

।

Rapid Passage Absorption Mode

Rapid Passage Dispersion Mode
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Observation of Selenium Hesononce

Samples were sealed in 15 mm o.d., 15 nan i.d. pyro:: tubes (except 

SoFg and ILSe; these both have a boiling point of approximately -40° C 

and because they were to be kept as liquids at room temperature were 

sealed in stronger 13 mm o.d., 8 mm i.d. tubes). Ho apparatus for 

spinning samples or for temperature variation was available for these 

largo tubes and when samples '.'.■ere run at high temperature they were heated 

before being inserted in tho probe. The field was swept at the fastest 

rate available on the 31ow Sweep Unit, approximately 1 gauss/minute. The 

value of H. was estimated to be ^5 milligauss from an example given by 
9

Anderson , the optimum power level being found for each, individual sample.

For rapid passage H^ was adjusted to bo an large as possible without 

unbalancing the probe; approximately 70 milligauss was the maximum attainable

Shifts were measured by exchanging samples while sweeping the

field. The reference used was either SeCCl2 which gives a largo sharp

signal or 19 mole % aqueous I^SeO^.

For some samples, e.g., SeOF^ and the oxyhalido mixtures tho 

spectrum covered a wide field range, too close to the resonance positions

of both SeOCl2 and H23eC_ for it to bo possible to use either of these for

sample-exchange reference compounds In such cases tho internal shift

between the components of a solution could be determined with fair accuracy

but the absolute shift could only be measured by using the broader signal

of H^SeO^ as a secondary reference.

For sideband methods spectra were calibrated with an audio-

oscillation of 500 c.p.o. or, for large shifts, by recording both the
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upper .'.uid lower sidebands of one signal which are separated by twice the 

modulation frequency of 205^- c.p.s. To calibrate broad-lino spectra two 

reference samples of known shifts wore used.

when possible, spectra were run using the slow passage sideband 

technique which gives the highest accuracy. Lino widths from these 

measurements ranged from a> 10 c.p.s. (for SoOCl^ and HoSe) to a, ICO c.p.s. 

(for HnSeO^). Whore no signal could bo found by this method the broad 

lino or rapid passage methods wore used, both of which give a higher 

signal/noise ratio but broader lines. For example the signal of selenium 

tetrachloride dissolved in dimethyl formamide could only bo seen by means 

of the broad line technique. Observation of the signal from selenium 

hexafluoride was expected to be difficult since it was contained in the 

heavy-walled tubing with small internal diameter and since it should be 

split into seven components by coupling with the fluorine nuclei. Ho 

peaks could bo seen using slow passage so tho power was increased and the r.f. 

phase changed by 90- in accordance with rapid passage conditions. All 

but the two outer components of the multiplet were then detectable although 

they had the shape of regular dispersion mode signals. On changing tho 

r,f. reference phase back to zero the signals disappeared completely. It 

was concluded that conditions wore between, those appropriate for slow and 

rapid passage. T^ for deF^ should be considerably shorter than for detd^ 

and so it was not surprising that satisfactory rapid passage lino shapes 

could be obtained for SeOC^ even at slightly lower power levels than 

were used for SeFz.
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£2^S£iS2ilJ£2ijLi^

/absorption signals sere observed directly by tho ordinary high- 

resolution method, and the Varian VJ521 Integrator operating at a 

modulation index of 1.8 tos used to stabilise the base line and improve 

the signal/noise ratio. Samples were sealed in 5 ran o.d. xyrex tubes 

•which Tore spun in the probe by an air turbine. Spectra ware calibrated

by means of sidebands generated by an external audio-frequency oscillator.

A radiofrequency of 5^.4 Mo.p.s. was used to observe fluorine

spectra of SoOF^, Se(T 1, 5. 0_F_, HSeO_F and SeF.
c. ci J> I

(HSeC,F was contained

in a sample tube with a lining of KelF.)

Hydrogen spectra of H^Se (at -55° C)

wore run at 60 i’c.p.G. To measure shifts in

and the system SeC^/S^Q 

the latter case a fine

capillary containing water was inserted in the sample tube as an external

reference.



Si£Z2tL^ -Selenide

The proton spectrum of hydrogen selenide should consist of a 

single signal from hydrogen bonded to selenium of spin zero and a doublet 

from hydrogen on seleniun-77« Tinis tho main peak should be flanked 

symmetrically by two small peaks, each of intensity 4;$ of the main peak.

The gas is reported to be soluble in carbon disulfide but no 

other solubility data are available. A co.' • ■' disulfide solution was 

prepared and gave a visible signal but it was not sufficiently large for 

satellites to be soon.

Pure Il^Se was vaccuum distilled into a sample tube and tho 

spectrum run at -55° C to avoid a high pressure in the tube. Satellites 

were observed from which tho value of the Se-H coupling constant was 

found to be 63.4 t 1.5 c.p.s. Tho selenium spectrum gave the expected 

triplet and a coupling constant in agreement with the above value (see 

Table I).

Fluorino-Selenium Coupling Constants

All tho molecules investigated except fe^ contain only one 

selenium atom and equivalent fluorines and thus they give fluorine spectra 

that consist of one main peak from fluorine on non-magnetic selenium and

24
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two satellites from fluorine on selenium-77- .Selenium tetrafluoride hac 

been shown to have a structure based on a trigonal bipyramid^ with a 

lone electron pair occupying one of the equatorial orbitals. Thore are 

thus two axial and two equatorial fluorines which are not equivalent. 

The fluorine spectrum should consist of two signals each with selenium 

satellites and both rain peaks and satellites should be srlit into
11 

triple s by fluorine-fluorino coupling. Muetterties and Phillips 

investigated the fluorine resonances of So?$ and SqF^ an^ found an Se-F 

coupling constant for 3eF^ of 1^00 c.p.s. They found that the spectrum 

of SeF^ consists of a. single line except nt temperatures in tho neighbour

hood of -200° C when two broad peaks with no fine structure that could bo 

due to spin-spin coupling v/ere observed; they attributed this to rapid 

fluorine exchange.

Coupling constants have been obtained for SeF^, ScO^F^, SeGF^

and HSoO F and are shown in Table I. These of four-valent compounds are 

considerably smaller than those of six-volant compounds. Coupling con

stants from tho selenium resonance agree with those obtained from the

fluorine spectra except in the case of HSoO^F -which gave a single lino 

signal instead of the expected doublet. Iio explanation can bo found for

this anomaly at present. In tho case of Sew^ tho fluorine spectrum

satellites were considerably broader than tho main peak indicating that

fluorine exchange was probably occurring. A mixture of SoOFg an^ SeCCl^

gave an SeOF^ signal with much sharper satellites, (probably fluorine

exchange was inhibited by dilution). Similarly tho selenium spectra

showed a sharper SeOF^ signal for the mixture than for the pure compound.

Somewhat surprisingly the selenium-fluorine coupling constant was slightly
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reduced in this mixture. A second signal sas observed in tho fluorine 

spectrum of tho fixture which was a single peak with satellites, and 

there was a third signal, a doublet, in the selenium spectrum. These new 

peaks wore attributed to SeOFCl. No signal from SoOFJr was observed in 

the spectrum of a solution of SeOB^ in SeOF^ cut tho selenium~fluorine 

coupling constant for SsO?^ was again reduced.

TABLE I

COUPLING CONSTANTS

J (c.p.s.) from 
selenium spectrum

J from fluorine or 
hydrogen spectrum

SeOFg 857 ± 2 337.0 t 1.5

SeOF^ (mixture with SeCC^) 826 ± 15 828.0 t 1.0

SeOFg (mixture with SaOB^) 818 i 10 not measured

SeOFCl 646 647.5 ± 2.0

SqO2F2 1577 ± 20 1584.3 ± 0.7

^6 1432 ± 25 1421.1 t 2.0

HSoO_F - 1453.6 t 0.7

H2S. 62 ± 1.5 63.4 * 0.5

Isotope- Effects in Fluorine Spectra

Natural selenium has an atomic weight of 78,96 and is a mixture 

of six isotopes (see Table II). The resonance position of fluorine 

directly bonded to selenium should be slightly different for each isotope
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co that theoretically five single peaks from fluorine bonded to the non

magnetic isotopes and u doublet from fluorine on So should bo observed* 

If the isotope effect io very snail the five single linos would not to 

expected to bo resolvable but there could possibly be a measurable shift 

between the centre of the doublet and the main pea!:.
12 

Fluorine isotonic shifts have been investigated for hydrogen , 
15-16 17,18 18 17 '

carbon , silicon and sulphur * Tiers suggested that there is 

an inverse dependence of isotopic shift on bond length. This explains 

fairly well the limited amount of available data on the shifts for a given 

nucleus but is not in accord with the data when different nuclei are 
18 

cocnorod.
' 19

A theoretical explanation has been proposed by karchull or. the 

basis of ground state vibrational energy differences. The potential 

energy function for a sir-plc AX bond may be represented as in Fig. 5 where 

the horizontal linos represent tho energy levels. In the ground state 

tho internuclear distance varies harmonically between the values r^ and rg. 

If a nucleus A* is substituted for A tho editions of the energy levels 

change and if A* is heavier than A the ground state is of lower energy. 

This means that the amplitude cf vibration decreases and the minimum inter- 

nuclear distance increases so that tho diamagnetic shielding (sec below) 

of the X nucleus is increased. The effect io greater the closer are the 

atomic weights of A and X and so for EX cone: very small effects are 

expected.

For the molecules investigated the observed isotopic shifts of 

a?l c.p.o. between the centre of the doublet and tho centra peak core just

largo enough to bo outside the range of error and are given in Table III.
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Iio splitting of tho wain signal could bo observed which is understandable

as a line width of 1 c.p.s. or less would be required to observe the expected

splittings which are unlikely to be greater than 1.5 c.p.s. The weighted

average atomic weight of the non-magnetic isotopes and also the atomic

weight of de * tho isotope present in the largest amount, arc greater than

77» Hence the main fluorine signal should occur at a slightly higher field 
77than the mean field from the 3e satellites. This is the direction of the

observed shift. The results for Sety, Sib and SiF. may be compared: The
olO o10 o20

X-F bond lengths of these molecules are 1.68 A , 1,56 A , and 1.55 A

respectively and the isotopic shifts per unit oass difference (considering
80the main selenium peak as resulting from 3o ) arc 0.007, 0.027 and 0.007 p.p.m.

Hence the results for the octahedral molecules and SF< could support

the theory of an inverse dependence of shift on bond length but the tetra

hedral molecule SiF^ would be expected to give a shift similar to that of 

SF$ and this is not observed. However, the shifts are small and so tho 

maximum possible error is large and no definite conclusions can be drawn.

Potential 
energy
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tabu;

Masa Kuaber Percentage

74 0.9

76 9.5

77 8.5

73 24.0

80 48.0

62 9.5

T0j£i£NffEt77J2*0Mj2u^^

I iolocule & (p.n.n.) Husbcr of Measurecents

KeO-F -0.018 ± 0.009 8

s®^1'^ -0.016 ± 0.018 4

3o?6 ' -0.022 t 0.015 8

SeOF2 -0.025 t 0.014 4



GHAj/TEH IV

The energies of the electrons in inner shells are relatively 

constant and independent of tho molecular species whereas those in the 

outer or valence shells have energies which vary with tho bonded atoms 

and type of Uv. ing. A mathematical theory for the effect on tho field 
21 

experienced by the nucleus which was expounded by damcey has been 
22 

simplified by Saika and Slichtor by mailing certain approximations for 

the special case of the fluorine nucleus.

The over-all effect produced by the electrons in a molecule at 

any particular nucleus may be somewhat arbitrarily divided into five 

separate contributions:

1) The Diamagnetic Effect of the Atonic Electrons.

Under the influence of a magnetic field the extra-nuclear electrons 

will rotate about the direction of the field sotting up a small opposing 

field at the nucleus and reducing tho not value of tho field experienced 

by the nucleus. The larger the atom, tho larger tho number of electrons 

and tho greater the effect.

2) The Paramagnetic Effect of the Atonic Electrons.

Tho field can also cause transitions of valence electrons into 

excited states resulting in a small proportion of unpaired spins and a

30



corresponding increase of tho field st the nucleus. Such transitions will 

occur core readily where low-lying excited states are available, for 

example where n-bonds ore present or where the electron distribution 

around the atom under consideration is very asymmetric. Thia effect coy 

also be regarded as a reduction in effect (1) above. If the selenium is 

covalently bound to another atom the rotation of the electrons is con

siderably restricted and their diamagnetic effect is correspondingly 

diminished. The effect will ba greater the greater the electronegativity 

or electron withdrawing power of the bonded atom.

3) The Diamagnetic sffcct of neighbouring Atoms.

Considering a selenium-fluorine bond with the .magnetic field along 

tho axis of the bond the field induced by rotation of the fluorine electrons 

will be felt to a small extent at the selenium nucleus.

4) The Paramagnetic effect of Neighbouring Atoms.

Citiilarly, paramagnetic effects at other nuclei will have a 

small effect at the selenium nucleus.

5) The Hing Current Effect.

In cyclic molecules, especially those with conjugated n-olectron 

systems, largo ring currents are induced when tho magnetic field is per

pendicular to the plane of tho ring. For example, in tho benzene molecule 

a large opposing field is sot up at the centre of the ring causing a small 

diamagnetic effect at tho carton atoms and a largo paramagnetic effect at 
21

the hydrogen atoms. Hamsey calculated tho effect produced by tho electrons 

at the nucleus for molecular hydrogen and showed that for hydrogen effect (1)



22 
io the most important whereas for fluorine Saika and Slichter suggest 

that (2) predominates. Effects (2), (3). (^) and (5) are anisotropic and 

the observed shift is determined by the average value over all possible 

orientations.
25

Hullor, Lautcrbur and Goldonson have studied phosphorus chemical 

shifts and developed a formula for tho shift of compounds of tho tyoe f-X_ 

and eOX„ based on tho degree of hybridization and ionic character of the 

i-X and P lone pair or ?=0 orbitals. The actual quantities used to 

calculate the shift are the X-f-X bond angle and tho electronegativity of 
24

X. The theory was modified by Parks to fit some previously anomalous 

molecules. A comprehensive list of phosphorus chemical shifts is given by 
2

Jonos and Katritzky . The theory of Muller ct al. becomes too complex 

for most of the selenium molecules studied and not enough molecules of the 

same type were investigated to test tho validity of any similar equation.

Tho shifts measured are shown in Table IV. It is evident that 

fox’ four- and six-valent selenium compounds the shifts to high field 

increase in the order:

1) Four-valent compounds with three co-ordinated atoms.

2) Four-valent compounds with four co-ordinated atu^s.

3) Six-valent compounds with four co-ordinated atoms.

4) Six-valcnt compounds with six co-ordinated atoms.

However, the shifts for H^So, Se_Cl_ and Se^3rn show that the chemical 

shift is not simply a function of the valence state.

Tho shifts for phosphorus compounds increase to high field in the 

order:

1) Throe-valent compounds



Sx.Lumbi. gii^:zc;il shuts

(Two values were obtained in each case. The error quoted ic the difference 

between tho average and an extreme value.)

Physical State 6(p.p.m. from SoCCl.)

SeOEr2 Pure liquid
ScCC^ Pure liquid
SeOFCl SeOF-/ ScOCl, mixture
SoOFg .uro liquid

-80.3 i 1.2
0

0.4 ± 0.2
100.8 * 1

E_SoO„ Saturated solution in water
SOgCl- lure liquid
Ua^ScO.. Saturated solution in water
Se^Br^ Pure liquid
SeCl^*  Saturated solution in dimethyl formamide
SeF^ Pure liquid
KgSeO^ Saturated solution in water
H^SeO^ Slightly aqueous
FSeO,H+ Crude liquid

SaO, Saturated solution in phosphorus o^chloride 

^e021?2 j^® liquid
SeF/ * Pure liquid
HgSo Pure liquid

196.6 t 0.2
204.5 t 1.5
226.1 * 0.4
504,9 ±0.7
325.2 t 10
336.8 ± 0.2
454.8 t 0.2

478.1 ± 2
493.2 ± 0.5
521.8 ± 0.5
551.2 ± 3
868.7 t 5

1704.5 * 2

* The signal was very small due to low solubility and could only bo seen 

using tho broad-line technique.

’’^ Tho signal was avail and was observed by the rapid passage technique.

This result nay be unreliable for reasons given in the text.



2) Five-valent compounds with four co-ordinated atoms.

3) Five-valent compounds with five or eix co-ordinated atoms.

Another similarity between phosphorus and selenium shifts is tho

fact that tho signal from H^Se is at higher field than for any other compound of 

selenium while the phosphorus resonance of FH_ is at higher field than any 

other phosphorus resonance except that of i s. Unfortunately in the 

present work it was not possible to locate a signal from elementary

elcnium.

5
Coggarison of the iresant Results with Those of V.'alchli

Table V shows that although tho shifts between L^a and ^'-’t

are in fairly good agreement, those between ligde and HgSeO^ differ by

an amount well outside the maximum possible error in our measurements.

TA3U V

CHEMICAL SHIFTS OF HgSeO AND HgSeO^ .HEI XuFu;vJuiCa xO HgwO

H^SeO,

IL,$o<\

tCn.p.m.) (Walchli )

-1504 i 40

-1560 t SO

b(p.p.m.) (This work)

-1507.9 * 2.2

-1226.4 t 4

The Molecules ScOX?

The largest group of similar molecules comprises those of formula

SeOXg where X = F, Cl, Br, OH and O’, although in tho latter two species



exchange probably makes all oxygens equivalent introducing an extra 

element of symmetry which possibly causes a shift of the resonance to 

higher field. In tho halogen compounds the dominant factors determining 

the shift are likely to bo the bond angles end the double-bond character 

of the Se-0 and So-X bonds. The resonance of SeOFCl occurs at lower 

field than tho mean of the SeOF^ ^^ SoOCln resonances, possibly because 

of the decrease in symmetry.

Selenium. Tetz, Toride and Tetra fluoride

Again tho shift is probably more the result of differexices in

the oond angles and double-bond character than electronegativity effects.

The molecular dimensions of SeCl. have not been determined but the 

structure of iiol'Y is based on a trigonal bipyramid with a lone electron 

pair occupying one of the equatorial positions and is distorted in a

manner indicating waller

between the bonds and the

repulsions between the bond electron pairs than 
10

non-bonding (lone) pair .

Tho Molecules ScOgX,

The direction of tho shift for tho series where X»F, CJ, 0 is 

opposite to that for tho four-valent compounds. The only difference 

between the two sots ic the substitution of tho lone pair in tho four- 

valent molecules by an ^asG bond. The anomaly can only bo attributed to 

conflicting symmetry, double-bond character, and electronegativity factors 

It is intereating to note that as in the case of SeOCl^, SeGFCl and SeOF—



tho HScO^F resonance occurs at lower field than tho mean of tho LUSaO^

and SoO^Fg resonances

Selenium Hexafluoride

As this molecule has a symmetric octahedral structure it might be

expected to resonate at high field as is found experimentally.

Divalent 3;ka5urn

No data are available on the molecular dimensions of So^Dr^ and 

SOpCl^ but they have been shown to have C^ symatry . Each selenium 

atom has two non-bonding electron pairs so that diamagnetic effects sight 

bo expected to make a greater contribution here than in tho molecules dis

cussed above. Tho results agree with this postulate in that the chloride 

resonates at lower field than the bromide. In hydrogen selenide the bond 

angle is 90° so that the bonding orbitals must be very nearly pure p end 

diamagnetic effects from tho non-bonding electrons should shift the 

resonance to high field. Also electrons in So-H bonds will not have any 

low-lying excited states and paramagnetic effects should bo email giving 

a further shift to high field. The above arguments may cieilJnrly bo

applied to the oxygon nitrogen and phosphorus resonances of H_O, I ill^ and

FH,. In 1U0 and NIU tho bond angles uro almost tetrahedral and so tho 3 0
non-bonding valence electrons will not havo no great a shielding effect

in HU and !U3e however, for all four molecules there will bo no

low-lying excited states and so it would bo expected tint these hydrides

would all resonate at high field with respect to other compounds of th*
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5
name element but that tho resonances for H-Se and ?H^ zzould be at relatively 

higher fields than H^O and NH-,. This is found experimentally .



BA PUR V

NKR mESTIGATIONS OF THS CUhUTRI OF OOMS o^IshlW; CCHCHHU

3 •* j^e_J^ljjniusJ?Qtra£hl^rjL‘£r2klJill^^

belonium tetrachloride is very soluble in sulphur trioxido and is 

known to form a 1:1 connloxo There are several possibilities for the 
26 

structure of this connound, SeCl, SO_C1 being the most favoured . The 

□elonium resonance of tho solution occurs at 88.2 ± 1 y.p.ra. above JeOCl- 

whereas that of SeCl^ dissolved in dimethyl formamide is at 325.2 ± 10 p.p.m. 

Since the dimethyl formamide solution probably contains SeCl^ molecules 

rather than ions it may be concluded from tho Hiik shifts that ScCl^ reacts 

in some way with SO^. However, no certain conclusion can be drawn as to 

whether or not the ScCl- ion is present in tho SoCl.50, complex. Other 

JeOlj, complexes such as ScCl^fCl^ and SeCl^AlCl^ which are also believed 

to contain ScCl$‘ have high melting points and are not appreciably soluble 

ifi any standard solvent co that their NUR spectra could not be obtained.

2) Investigation of the SoCl^^” Resonance

If SeCl^ is treated with concentrated HC1 and KC1 (where L = ha. ,

Cs, Rb) tho salt ’yoCl<% crystallizes out, and H^TcCl^ in formed by the 

action of TeCl. or TeO- on aqueous HOI. For this investigation two solutions 

in concentrated aqueous HC1 wore prepared one containing ScU, and UI and 

tho other SeCl;; (on preparing this latter solution large volumes of

33



gp.soov.Ej HC1 wore evolved)# The shifts of the solutions from SeGCl^ were 

72.6 ± 2 and 28.0 1 2 p.p.m. respectively. It is also knoim that SeCC^ 

may bo prepared from HjO and SoCl^ or from KOI and deO^, and H^ec^ results 

from the action of Hn0 on SoC^. The SeCl^ solution must contain a high 

proportion of SeCl^~ ion as this can bo crystallized out as a metal salt. 

However, the HC1 gas evolved during tho reaction suggests that some
2.hydrolysis was taking place. Hence this solution probably contains SeClg

ion and ScOClp. The ieOg solution possibly contains tho three selenium 
2- 2-species SeClg , ScCGl^t and oeO„ . Since only single signals having

different shifts wore obtained from the solutions they can only contain

more than one species in appreciable concentration if exchange is occurring.

It seems probable that this is the case.

c) Selenium Totrafluovidc Adducts

^'4 stable 1:1 adducts with 3F_ and 50,. Those2 > are solids

at room temperature molting below 100° C (the BF, complex readily supercools).

Tho shifts for the melts are given in Table VI: they show that the

structures of the two compounds are dissimilar and they cannot both 
27

involve the same selenium species, Recent work in this laboratory

indicates that tho structures are probably



and that there is enchant- between all fluorine atexo bonded, to selenium 

probably via the discocisition or ionisation of the complexes.

^.Bj,i VI

bCp.p.m. From doCJip

SeF^BF— < 355*8 t 2

iuro SeF^ + 385,8 t 0.2

SeF^SO^ * 421,8 t 0.3

X22£2£££&l£2L££j2^2SLJ[£^^^

As described previously (fage 23) the KHiJ spectrum shows that 

SeOF^ ^^ SeCCln react to produce SeOFCl. Tho integral of the selenium 

spvttxn.-" showed 1/5 - 1/4 of tho SeOF^ and SeCCl, reacted. Ho change 

in tho relative amounts was observed on heating or prolonged standing at 

room temperature. The chemical shift between SeCF^ and SeCO^ in this 

mixture was 105.0 i 0.3 p.p,®. as compared with 100.8 t 1 p,p,c, for tho 

pure liquids.

SeOBr^ is soluble in UoCFg and the chemical shift between the two 

signals was found to be 176.1 i 1 p.p.e. compared with 181.1 t 2 p.p.r. 

for the pure liquids. No signal was observed fox- tho mixed halide OeOFir 

either before or after the solution had boon heated to toiling point. 

SoOBx^ is alee very soluble in ocCCi^ but this mixture gave only one 

fairly broad signal (width at half height 'V 70 c.p.s.) lying between the



resonance positions of Sc-^r^ .-nd SeCCl_. The signal became slightly 

sharper when the cample roc warded and it can concluded that there ic rapid 

exchange between the two species and probably also with the nixed halide 

SeOClBr.

SOpClp is comp?. :*'ly miscible with SOgSr-,. The 2&R spectrum 

showed the two signals but each was much broader than in the pure liquids. 

Ga heating the sample the peaks broadened further until they core only 

just observable again indicating exchange between the species.

moCI^ did not dissolve in or react in any detectable way with 

SoV

Solutions of Selenium

Red selenium dissolves slightly in carbon disulfide but tho 

concentration is net nearly high enough for a selenium signal to bo seen. 

2o *h red and gray selenium dissolve readily in Hg^Cj^, 30^, SeF^ and 3©0F„ 

to form dark green solutions (the solubility in OoCi^ ^° °- the order of 

1 g selenium in 1 g SeOh^)* ^ solution in 70% oleum wac prepared and 

the selenium spectrum investigated but no signal could be found, doth the 

SeF^ and 3c0i\ solutions gave tho solvent signals but no signal from tho 

dissolved selenium. It can only bo concluded that either the signal 

consisted of many components, each too small, to bo detectable or broadened 

out by exchange with each othor or that tho signal was b oad due to the 

presence of ^rai-agnotic species, e.g. Se^ (but this shcul rise cause 

broadening of the solvent signal ahich was not observed) or that the 

resonance was outside th© field range- investigated (a region -u 5000 p.p.m.

above and <"t» 1000 p.p.m. below jcC01? was covered).
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il^^h-C^K^LOV^^ ill Iv^lhlNO ,SOLVIT

A co pr^hensivv account of tho current knowledge! in thio field io 
23

given by Audrieth and KJeinberg . Conductivity and o.s.f. measurements

indicate that SeOCl^ ionises as SeOCI and Cl (solvated) so that acids

are Cl acceptors

obCl_ 4 ScCCI— ^—— ahClx +■ Seed 5 2 6

Bases are Cl” donors or feCCV acceptors

e.g. C-H-H 4- SeCCl.
5 5

C^ISeOCl * 4- Cl

An example of an acid-base reaction could be

JtClg v SeU01+ + K+ 4- Cl” ^ SeOC^ + K* 4- 3b Cl

All acids give the sane So containing cation so that for equimolar 

proportions of different acids the selenium HMH shift is a measure of acid 

strength (although sone molecules can act as poly basic acids accepting 

more than one Cl”). Ho measure of base strength can be made in the same 

way since each base gives a different selenium cation.

Some nearly saturated solutions of the most soluble acids ana 

bases wore prepared and their shifts censured (cee fable VII). In order 

to give a rough indication of the dependence of shift on molecular species

^2
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tho values fox* a comta.it rxtio .•.mla- solute/Joies ioClip of 1:5 .ere 

calculated nsciLiiinj the oh; ft to bo linear with conccatr . Ion, and are 

©Iso given in Table VII. (Although the data for Jud.. (Table VIII) give 

a linear plot tho shift is not expected to be a linear function of tho 

concentratio: except f fully ionized species; it should also depend on

the degree of denization us is shown by the results for AsCl-.J

SHUTS CF SOME AGIO AMD bASa SOLUTIONS Bl SeOOl2̂

Moles Acid: 6 (n.p.m. from Calculated t for
Acid Moles SeCC^ H-SeO..) Mole Latio 1:5

AsCl„ 1:2 -194.1 ± 1 -195.4

AsCi .1:1 -18$.6 ± 1 -194.5

SnC14 1:6 -170.4 ± 1 -144.4

sb a^ 1:2.9 -161.6 ± 1 -165.0

Base Moles Ease:
Holos Se0012

Ouinoline 1:7 -186.5 t 0.7 -172.6

KOI 1:15 -191.5 t 0.5 -171.2

a (pure ScGCl.) = -196.6 t 0.2

The stronger acids, SO., and BC1.. proved unsatisfactory as rolids

crystallised cut even from very dilute solutions. The shifts show that

AsCl.. is a comparatively weak acid as would be ejected for a rolecule

possessing a lone electron pair and that if SbCl^ is completely ionized

comta.it


(as coons likely from the results described below) SnCl,. is a partially 
. 2-ionized dibasic acid accepting chloride ions to give SnCl$ .

It is interesting that both acids and bases give a positive 

shift. If potassium chloride merely ionized to give r/ and Cl” ions it 

would not bo expected to shift the selenium resonance to any great extent. 

The observed shift could be the result of several factors:

1) Bulk Susceptibility Differences

Tho field experienced by a nucleus in tho bulk of a liquid in a 

cylindrical sample container depends on trie magnetic susceptibility cf 

the liquid. Thus if a solution and reference sample have different 

susceptibilities a correction must bo made to the observed shift. Tho 

calculated correction for a saturated solution of KC1 in SeCCI, with 

respect to pure S0OCI2 was less than 1 p.p.n.

2) Inhibition of Solvent Dissociation by the Addition of a Common IcA 

jilthough the reported specific conductivity of SoGCl, is greater 

than that of water by n factor of four hundred tho proportion of ionised 

molecules is nevertheless very small and it seems unlikely that thia could 

affect tho position of resonance.

3) Solvation of Gao or Both Ions By SeC01? L'olccules

Ilie chloride ion is very probably solvated as Se<Cl„” and it is 

quite likely that the potassium ion will also exert sobo electrostatic 

attraction on neighbouring solvent molecules. The average electronic 

environment of the selenium nuclei my c/uc be considerably changed by 

tho presence of K' and Cl” ions and this is probably tho dominant factor

in causing the observed shift.



A aeries of solutions of SbCl_ in SeCCl^ were wrapared and their 

;hifts measured. The shift would be expected to bo a linear function of

the composition expressed as the ratio moles SbCl^/moles 5cvOL if SbCl^

was completely ionised since in this case

moles SbCl^ moles SoCCl*
moles SeOClg “ total coles SeCCIg

Fig. 4 shows the experimental results and they do indeed depend in tho 

expected manner on the concentration of the solution.

Varying amounts of tho bases potassium chloride and pyridine were 

added to the solutions and tho amounts of SoOCl+ or excess base remaining 

were calculated (assuming complete neutralisation). The shifts of these 

solutions are also plotted in Fig. 4. In the case of solutions containing 

added KC1 tho points do not fall on the line. This may bo tho result of 

two effects:

1) Potassium chloride has been shown by e.m.f. titrations to be a ccm 
28 

paratively weak base and thio can only mean that there is a proportion 

of K^Cl” ion pairs in the solution. Thus the neutralization, equation (c), 

may be incomplete and tho proportion of Sold’ ions cay bo higher than 

predicted.

2) Effect (3) described above could cake a contribution via potassium 

ion solvation and, to a lessor degree (since the ion is larger and tho 

charge more dispersed), via SbClg” ion solvation.

Fig. 4 shows that tho deviations of the points from tho lino arc



SWTS OP SOLUTIONS CF SbClc IN 3eCCl_ AND Elfe EFFECT

GF ADDING KOI AND CJI’J

Kolos SeOCl2 Kolos SbCl_5

Holes Sb01_
I (p.p.m. from JigSeGj)

____
Poles SeCC^

1) 0.07068 0.01941 0.2746 -170.1 t 0.6
2) 0.07225 0.01972 0.2729 -169.7 t 0.5
3) 0.07062 0.01758 0.2489 -171.8 ± 0.1
4) 0.07179 0.01538 0.2142 -175.6 t 0.5
5) 0.070^7 c.01186 0.1683 -180.8 ± 0.5
6) 0.07134 0.00890 0.1247 -185.3 ± 0.3
7) 0.07228 0.00587 0.0812 -189.1 t 0.1
8) 0.07161 0.00338 0.0472 -172.4 £ 1.2

IO)** 0.074 0.026 0.35 -161.6 ± 1

Polos Base
Added

Excess 
i- olos Saso

Excess
Kolos SbCl^ £ (p.p.n. from H-SeO_/

1) 0.01989* 0.00041 -187.0 * 0.3

5) O.OO475+ 0.01283 -179.5 ± 1
4) O.OOt-50* 0.00678 -182.6 t 0.5

5) 0.00903* 0.00283 -188.1 £ 0.6

7) 0.00865* 0.00178 -191.1 ± 0.4
8) O.CC487t 0.00149 -193.2 ± 0.6
9) 0.00464* O.OC464 -191.5 t 0.5

6 (puro SeOCip = -196.6 i 0.2

• KOI

T CcH_N

** Approximate data from Table IX
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Creator the creator the number of moles of reacted KOI (or K* and SbCl^~) 

present. It thus seems justifiable to make tho following suggestions:

The high field shifts in acid solutions are caused mainly by 

JoCCl'.

The high field shifts in basic solutions ore caused mainly by 

the solvated chloride ion (probably GoC31_~) and la addition, for ionic 

mo tai chlorides by the Golvatod metal ion9 and for other bases by tho 

[base-SeOCi]' complex ion.

Reaction of .Selenium With .Selenium Cxychlorido

Rod selenium readily dissolves in ScCClo with the formation of 
23

Se^U^ presumably according to the equation:

Se + 2SevC12 v— oe02 ^ ^OpClp

Eie HI-R spectrum gave two signals, one at +15*0 i 2.-5 p.p.m. 

from SeCClp which was assigned to a solution of ^^^ ^ Sc’dl^ '“° ^~* 

thero must bo rapid exchange between the two species), and a smaller 

broad signal at 205.4 t 5 p.p.m. which agrees wall with tho observed 

shift fox' pure; liquid St^C^ (seo Table IV) thus confirming tho abovo 

reaction.
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CHAI J 1a

THE SYSTEM SeO*/fI,O 
- ------------ -- ----- H^H^.

1) Hydro,gen Spontm

29
Gillespie and White investigated tho hydrogen spectra of solutions 

of sulphur trior4 do in water ct oo '.•on orations ranging from pure water to 

70/5 oleum. They considered that tho ahifta for solutions of water in 

sulphuric acid arise from the individual species Ho0t H^SO^ and H„O+,HSO^" 

and derived tho following equation for tho total shift:

^■^ '^7. h3° ’^^

for solutions having values of x between 0 and 0«5» where c io the degr4« 

of ionization of enter and x is the stoichiometric nolo fraction of water. 

By assuming the ionization of water to bo conoloto near x.. .., = 1 they 

calculated tho degree of ionization at concentrations between x 0 and 

x * 0.5.

A similar investigation has been carrieJ out for the system SeCy^^. 

Solutions were prepared by nixing weighed amounts of 100% H^SeO^ and II^O 

or SeO_. Selonic acid melts at 5$° C and ScO_ at 120° C so that the oleums 

hud to bo prepared at high temperature before soiling in tho cample tubes, 

fortunately the solutions readily undercooled and tho spectra could be run 

at roca temperature. The signals were fairly brand, "rosueobly because of 

the high viscosity of the eo2 iticne, As nn external reference rm used

49



built susceptibility corrections were calculated for a few mixtures but wore 

found to bo negligible.

The chemical shifts are shown in Table IX and Fig. 5. The results 

are very similar to those for tho sulphur trioxide-water system, but 

insufficient measurements wore made in tho region of pure HgSeO^ to 

justify any analogous calculations.

2) Solonim.) Spectra

Spectra wore obtained for saturated aqueous solutions of sodium 

and potassium selenates, aqueous selenic acid, two oleums of different 

concentrations, and SeO„ dissolved in phosphorus oxychloride. The shifts 

are shown in Table X.

Selenic acid and the oleums gave broad signals, presumably because 

of their high viscosity, -ioms probably contain the molecules ligbCgO , 

H-Se_C__. etc., which would have a different shift from H9SeO/. and might 

give Se-Se coupling for molecules containing non-equivalent seleniums. 

However, exchange probably prevented observation of separate si-nals or 

fine structure and only eno signal was seen. It should be note ^ 

So-So coupling will toko tho form of satellites of a single peak since 
77 for any compound containing two Se atc^s 7.5* will contain one Se giving 

a single peak for each non-oquivalent atom, and 7.% of these will contain 

two magnetic atoms giving a doublet. Any such satellites would bo too 

small to observe rd'bout further improvements in the xperimontal techniques. 

As was expected tho two selenate solutions gave tho same shift and from 

this value the shifts increased through selenic acid, dilute oleum,



^BLi IK

CHi£.;IC.iL SHIFI3 C 7 SvlUflCAS CJ SKLJKIUK T21CXIDJ

AID .1’11 I.' JKLDIIO ACID

Lolo Inaction of Aator Chemical Shift (p.p.n. frc

0.9798 -0.501 * 0.05
0.948 -1.^3
0.940 -1537
0.9^ -1.724 "
0.925 -1.790 ”
0.870 -2.865 ”
0.753 -5.944 11

0.652 -5.753
0.469 -6.505
0.414 -6.742 ”

0.597 -6.679 ”
0.550 -6.926 ”
0.246 -6.951 ”
0.154 -6.979 "
0.058 -6.899
0 -6.769 “

Eola Fraction of JeO-

-6.769 "
0.015 -6.807
0.129 -6.787 “
0.458 -6.792 ”

0.670 -6.456 ”

0.817 -6.048 ”

H20)
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concentrated oleum to SeO,. If SeO, is trimoriscd in a solution in a

similar manner to SC, (although the high s5 "
this is not very likely and that a more protatle species is

then tho compounds may be regarded as forming a series in which the partial

negative charge on the ojrygcn atoms steadily decreases.

O 
II

o
II

^S®
O // OH

OH

O
O^ /OH
" sr

o

0^7/ OH
O

Se
// W o o

TA31/:: X

CH-X UaL •-Hllj.'.j Uj G^ImtlC J1CID .-.L-j K-j.L;iijJ C^r. rUU;. .’j

ihysical State t (p.p.m. from Set

^SeO^ Saturated aqueous solution '♦5^.9 t 0.2

Wa^eG^ Saturated aqueous solution ^55.6 t 1

V0O4 Slightly aqueous U78.I t 2

Dilute oleum Supercooled liquid UE3.7 t 1

Concentrated oleum Supercooled liquid U95.7 t 2

3 eO,
9 Saturated solution in I0C1, 521.8 1 0.5



CEAPThR XII

All compounds except those whose preparations are given helot? 

were obtained comorci?«lly and used without further purification.

50 
Selenium Oxide Dibrcmide (Selenium Oxybromide)

10 ml. c . . ‘ '^ wore added to a tixturo of 5 g. of red 

Ionium and 6 r. of selenium dioxide in a dry atmosphere. The ; redact 

wan vacuum sublimed nt scorn tempernturo to give yd lev crxttl , "ho 

melting point wee found to bo ^5° c (literature valve = 'Qc?0 ).

Sj^onjji^-jlxld^^ (Selenium Oxychloride)

The commercial product was distilled at 1 rm pressure to give a 

pale yellow liquid.

.'holon.lv.;; Tattv chlor?

Chlorine wan panned over 5 C* of grey selenlur-. Tho product was 

collectcd in the absence of " ~v

Solpnius Oxide Jifluoride (Selenium Oxyfluoride)

2g g» of selenium tetrafluoride v/ere vacuum distilled onto a 

email molar excess of ^^ an^ ^e “^^u1*® W3a refluxed under one 

atmosphere of dry air uni.il no sore ^e^ dissolved. The product was 

vacuum distilled. Tho fluorine resonance gave only oxo signal showing 

tho absence of Se?^ or any other fluorine-containing iopurity.

5l»

holon.lv


Tho candle used ’or tho p?^;' stion nf tho oleums •.those hyfjrcgen 
33

I’caonances ..er^ i. vo- t.L atom woo jpg;--rod os follows . Sulphur trlcxide 

v-ns refluxed <ith po tax sium selenate until two liquid layers ferrod and 

the solid had co®plotely dissolved; the upper Layer was then no: ''rated 
33

cad the sulphur tri oxide was distilled off. The residue nos SeO^ • The 

sample was analysed for ac.‘onlun by reduction with a saturated solution 

of sulphur dioxide in concentrated hydrochloric acid and weighed an 

seleniumc

The product fumed in air and vac thought to kc contuc4”. ^ed with d'e and 

some HgUeC^. ,

n second method, xvas used for the preparation of all other camples

A mixture of colonic acid and phosphoric oxide vac -rcuum sublimed at 

150° C. Tho particular cample used for tho proper then of the concentrated 

oleum (for selenium resonance) vas a- ’irot prepared end analysis cloved 

the weight of selenium to bo approximately 2^ loss than tho theoretical 

value, wince the reaction t. ^ 1 contained '•cess phosphoric o:ddc

cud the sublimation had taken several days it seems likely that some 1^0r 

had sub lined with tho SeX. All later camnloa wore nr spared using ox; ess 

□oloaic acid; tho publication was thou complete after about four hours.

A typical analyc’s for these tamples gave 

‘ t. dau. = C«?-j7^ 3.

It. “o ~ ^,1373 3. (theoretical A't. a O.?3’£ ~.) 

Melting point = 120° C (literature value - 118° C )



Solonic Acid

The commercial product was dehydrated by bubbling dry sir through 

tho liquid at 150° C and 2 ma. The liquid readily undercooled and could 

only be crystallised by cooling a small area of the container with solid 

carben dioxide for a fox? seconds. A small amount of mother liquor remained 

uncrystalliscd suggesting that traces of water were still present. For 

tho first sample prepared the molting point covered tho temperature range 

^- - 62° C (litorn tore value « 55 - 58° C ). Volumetric analysis of a 

dilute solution (titration with sodium hydroxide) showed that if tho only 

acid present was HgSeO^ tho crystals contained approximately 1/5 impurity, 

presumably water. Selenium analysis did not give consistent results; this 

was probably because the amount of surface liquid associated with the 

crystals was dependent on tho surface area. Two analyses gave:

wt. H2*co^ = 0.^399 £• 0*5797 g»

At. Sc - 0.2596 G. 0.2055 g.

Theoretical ..t. Jo = 0.25^8 g* 0.2091 g.

Jha above results indicate that there was probably anothex' impurity in

addition to water however, only one signal was observed

from the selenium resonance so that unless there is exchange of selenium

between tho two species the amount of H^JeC^ present must be roletively 

small.

Muorosolenic Acid

15 g. of selenium, trioxide were reacted with excess Ly-rcgon 

fluoride at room temperature unuex the vutour pressure of hydrogen fluoride, 

when all the solid had reacted the excess LJ was purged off to Leave a rale 

yellow liquid. Ko purification was attempted.



57

37
Selenium Dioxide Difluoride

Excess fluorosulphuric acid (500 g.) was reacted with 85 g. of

barium selenate at 150° C in a dry atmosphere. The reaction proceeded 
57

exactly as described previously : the SeCig distilled free the

reaction fixture and was trapsed out with liquid air. A volatile

yellow impurity was separated by repeated vacuum distillation. The

fluorine resonance showed only one signal indicating that no fluorine-

co taining impurities wore present in appreciable concentration.

Selenium Hexafluoride

The commercial product was vacuum distilled. The fluorine 

resonance showed an extra peak* presumably due to an impurityf 

approximately 20 p.p.m. above SoF^ and with intensity 5^ that of 

3.T6.

33
Selenium 'Jatrafluorido

Fluorine diluted with nitrogen waa passed over a sublimed

selenium surface (20 g.) at 0° C and the product vacuum distilled.

A typical analysis gave:

St. SeFr = 0.2924 g.

Wt. Se a 0.1468 g. (theoretical wt. = 0.1^90 g.)

Hydrogen Selenide

Aluminum selenide waa prepared by igniting a mixture of 25 r.



of powdered selenium and 1? r. of powdered aluminum, with burning magnes

ium. Thia was reacted with water and the resulting gas dried with 

calcium chloride and phosphoric oxide. It was trapped out with a dry ice/ 

acetone mixture.

t Samples kindly donated by Dr. K. Rarsaswamy

* Samples kindly donated by Kr. .'. A. Whitla

** Sample prepared in conjunction with Dr. K. C. Koss
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