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ABSTRACT

High resolutlon proton magnetlc resonance spectra are
presented for 48 trilalkyl phosphates and related
phosphorus compounds. Chemlcal shifts, spin~spiln
ecoupling constants, and spectral analyses are reported
for representative compounds of interest in solvent
extraction technology.
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NUCLEAR MAGNETIC RESONANCE SPECTRA OF
TRIALKYL PHOSPHATES AND RELATED COMPOUNDS

{, PROTON MAGNETIC RESONANCE SPECTRA
INTRODUCTION

Tributyl phosphate (TBP) 1s the solvent most commonly used in solvent
extractlon processes for the purification and recovery of uranium and
pilutonium from irradiated fuels. Although the TBP solvent extractlon
processeg have been well characterized from the standpoints of
stoichiometry, mass transfer, and stabllity of the solvent, the
molecular structure of the complexes involved in the processes has
recelved relatively little attention. Comyns pointed out in a recent
review!?) that no determination has been made of the structure of a
complex s8 common and important as the one formed by the addition of
uranyl nitrate to TBP. In spite of the fact that nitric acld is
present in nearly all TBP processes, the TBP.Ho0-HNOg system has
never been properly characterized and several recent authors 2,3)
nave disagreed as to whether TBP assoclates wlth one, two, or more
molecules of nitric acid.

The present paper reports a portion of the effort to characterlize TBP
and its complexes by means of optlecal and nuclear magnetlc resonance
(NMR)} spectroscopy. An NMR study of the TBP-water system has already
been reported %) Axtmann, Shuler, and Eberly studied the reflecticn
of the inductive effect on the spin-spin coupling interaction between
P3' and the o protons in TBP and other trialkyl phosphates(5).

Other work in progress bears on the relationship of the thermodynamics
of extraction of uranyl nitrate to chemilcal shifts and coupling
constants, and the behavior of the chemical shift of the protons
undergoing exchange in solutions of H0, 0.0, and HNCz in TBP.

SUMMARY

Proton NMR spectra were obtalned for TBP and 27 other trialkyl
phosphates, several trlalkyl phosphites, phosphines, phosphorothicates,
phosphonates, and tri-n-butylphosphine oxide. Spectra representing

the different classes of compounds were analyzed to first order, and
chemical shifts, &, and spin-spin coupling constants, J, were determined.

DISCUSSION
EXPERIMENTAL
A11 of the NMR spectra were obtained at room temperature wlth samples

rotated in coaxial sample tubes*. The spectrometer was a Varian
Model 4300B that was equipped wilth a "guperstabllized" 12-inch magnet

* Wilmad Glass Co., Landisvillie, New Jersey
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system. Chemical shifts were meszsured by the sldeband technique to
0.5 cps relative to benzene as an external reference in the outer
sample tube. About 5 volume per cent benzene was added to the compound
in the inner tube after the high resolution spectra were recorded, and
new spectra were run to obtaln the "solvent shift" or geparation
between the 1internal and external benzene reference signsls. The
spectrometer's Sanborn recorder was used together with sidebands for
some of the shift measurements, while others were measured by side-
band callbration of spectra recorded on s Varlan G-10 recorder.

The spin-spin c¢oupling constants of highest precision in Table I were
determined from G-10 recordings for which the known splitting of the
methylene group (4.8 cps)(é) of ethyl alcohol was used to calibrate

the magnetic sweep speed before and after each measurement. The
reproducibllity of these measurements on successive traces was +0.2 cps.
The spin-spin coupling constant for trimethyl phosphate was determined
by the "wiggle-beat" method.!7:8) 7The remalining coupllng constants in
Table I were determined by measurement of slow recordings

(~0.2 cps/second) that were calibrated by the sideband technique.

Some of the phosphorus compounds were obtained commercially and used
without further purification. T. II. Siddall, III, of this laboratory,
syntheslized the other compounds whose spectra are reported.‘g)

RESULTS

The high resolution spectra and, for some compounds, the theoretical
spectra based on first-order coupling of spins are given in the
Appendix. The protons on the carbon atom adjacent to the ester
CoxXygen -- or, if no oxygen atom 1s interpcsed between the alkyl chain
and the phosphorus atom, the protons on the carbon bonded to the
phosphorus atom -- are designated as @ protons. Those protons on the
second carbon from the phosphorus atom are B protons, etc. Signals
known to result from water contained in the sample and spurilous
signals are shaded in the spectra. Reference signals from internal
and external references and sidebands are designated by RI, RE’ and
Rg, respectively.

The chemical shifts given 1n Table I are displacements from an
external benzene reference and have not been adjusted for bulk
magnetlc susceptibility.

The spectra of several of the smaller molecules yleld a complete set
of proton coupling constants. For example, JoH-BHs Jal-P» and Jay.p
were obtalined for triethyl phosphate. The sharp decrease in Jy-p 1In
golng from the a protons to the B protons (from B.38 cps to 0.76 cps
for triethyl phosphate) constitutes experimental evidence for the
rapid attenuation of electron spin coupling of nuclel as the number
of Intervening bonds increases.




The decrease in Jyy_p with increasing alkyl chaln length of several (5)
tri-n-alkyl phosphates has been correlated wlth the inductive effect
The data indicate that in carbon chalns containing about six or seven
atoms the coupling of nuclei through the spin of thelr electronsg 1s
very slight; extrapolatlon was made of the Jy_y values for adjacent
methylene groups estimated from Spectrum 10 for «, B, v, and & protons
in tri-n-amyl phosphate. The conclusion that these methylene groups
are devold of any intrinsic difference in chemical properties 1s
demonstrated in a less precise manner by the fact that the protons In
methylene groups that are several carbons removed from the electro-
negative substltuent show indistingulshable chemlcal ghifts, 1.e.,
magnetic equivalence.

ANALYSIS OF THE HIGH RESOLUTION PROTON SPECTRA

The fields at which resonance occurs are glightly different for the
several chemically distinguishable groups of protons In a gilven
molecule. Thus, the protons of a methyl group resonate at a higher
field than do those of a nelghboring methylene group if both groups

are irradiated at the same fixed frequency. These small differences,
termed "chemical shifts", are proportional to the applied field strength.
Tn this paper the shifts are reported in cycles per second above the
proton resonance of an external benzene reference at 40 megacycles '
per second. Shielding numbers are shown on the spectra. The shleldin
number i1s independent of applied field strength and equal to (H-Ep)/Hpo
where E 1s the resonance fleld of the sample signal and H,. 1s the
resonance field of the reference benzene signal with both H and Hp
being determined at the same frequency.

The resonances of the magnetically equivalent provons in a chemical
group (e.g., methylene group of ethyl alcohol) often exhiblit a field-
independent fine structure 1f there are nuclel with nonzero spiln
within the distance of three or four chemical bonds. The fine structure
arises from spin-spin interactions via the valence electrons of the
intervening atoms. The relatlons governing the number and 1lntensity
ratlios of the fine structure of multiplet signals are qulte simple in
the cases of molecules that contaln only spiln 1/2 or spin zero
nucleitlo). If N is the number of chemically (and magnetically)
equivalent spin 1/2 neighbors of a given chemical group, to first
order the number of multiplet signals will be (N + 1), and the signal
intensities will be in the ratios of the coefficlents of the binomial
expansion of (a + b)N. 1If, in addition, there is a second group of

M near neighbors, each of the (N + 1) signals willl be split into

(M + 1) subsignals and the intensity ratlos of the new subsignals will
be as the coefficients of the binomlal expanslon of (a + p)M,

When, by a combination of instrumental and molecular factors, "super"

high rescolution occurs, additlonal slgnals appear as splittings of
those that appeared at lower resolution. The simple rules of flrst-
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order multiplet analysis given in the preceding paragraph then break
down, and more sophlsticated analyses such as those applied to a
number of simple organic compounds by Arnold‘é’ and Anderson‘ll) are
required. The fine structure of a number of the compounds studied
here may be analyzed with the first-order rules.

Cne of the purposes of the present work was to analyze the proton

NMR spectrum of tributyl phosphate. As 1n most problems of spectro-
scoplc assignment it was necessary to examine the spectra of a number
of closely related compounds. Phosphorus compounds were selected on
the basis of the length of the alkyl chain and the class of compound.
By selectlon of compound c¢lass, the atom adjacent to the phosphorus
atom was varied from no atom (phosphines and phosphites) to oxygen
(phosphates and phosphonates) and sulfur (phosphorothioates). Since
several of these compourds have shown promise as alternate extractants
for varicus radiochemical separation processeg'® ; the spectra of all
as well as representative analyses are presented heres. The spectro-
grams all show the external benzene reference as a single slgnal at
the low field end.

1. Trimethyl Phosphate, (CHZ0).PO (Spectrum 1)

The protons on the methyl groups give a symmetrical doublet that

arises from spin-spin interaction with the slngle phosphorus nucleus.
No evidence is geen for rotational lsomerism, which would be manifested
in this spectrum as a further splitting of the two signals of the
doublet. Mortimer has explained the doublet observed in the fundamental
stretching band at 1290 em® for the phosphoryl bond of trimethyl
phosphate by invoking rotational igsomerismile), Although the present
results do not confirm Mortimer's suggestion, they de not rule out the
possibllity of rotational iscmerism, for, as Pople has pointed out
recently(lS}, there 1s no guarantee that the protons of any given pair
¢f rotational isomers will be magnetically nonequivalent or that the
rotational isomers will have lifetimes long encugh that they may be
observed by NMR.

2. Trlethyl Phosphate, (C.Hs0)=P0 (Spectrum 2)

The signal from the methyl protons appears as a triplet at the high
Field end of the spectrum. The splitting of the central signal of the
triplet could be due to rotational lsomerism but is much more likely
to result from an extremely weak spln-spin interaction with Psl,
which is four chemical bonds removed compared wilth three in the case
of trimethyl phosphate. & temperature study would be required to
confirm the point. The apparent quintet at the low fileld end of the
spectrum 1s the signal from the methylene protons. (lose inspection
of the spectrum demonstrates that the three central signals of the
quintet are split approximately equally, making a total of elght
multiplet signals. This fine structure can be accounted for by
assuming that the methyl protons interact with the methylene protons

-7 -




to produce four multlplet signals in the ratios 1l:3:3:1; and that the
slngle P23 nucleus then splits each of these signals into a doublet.
The "theoretical" spectra on thls basls would be as shown 1n
Spectrum 2B, whlch agrees quite well with the observed spectrum.

7. Triethyl Phosphite, {CoHsO0)sP (Spectrum 31)

Superficially at least, the spectrum of this compound 1s similar to
that of triethyl phosphate. Spectrum 31B shows, however, that the
methylene protons produce a multiplet with extensive fine structure;
at least 16 signals are apparent whereas only 3 appeared with the
phosphate. The simple fipat-order rules for intensity ratlos and
number of signals are not very useful at thig stage of resolutlon.

A second or perhaps even a third-order perturbation calculation such
as that done for ethyl alcohol(b) is required to account for all the
aignals that are observed.

The phosphlte glves better resolution than the phosphate under the
same experlmental conditicns because the phosphite has a significantly
lower molecular dipole moment. The phosphate molecule, with 1ts
highly polar phosphoryl group, 1s nheld more rigidly within the liquid
structure by induced dipolar attractlon and is less free to tumble
about. Free tumbling 1s necessary to average out the nuciear dilpolar

interactlions to zero, which 1s necessary for the highest resolution{14'.

4. Triethyl Phosphorothloate, {C Hs0)sPS (Spectrum 29)

The spectrum for this compound 1s quite similar to that for the previous
two compounds. Due to a favorable ratioc of Joy,..p/JCHs-CHzr thE
multiplet of the methylene protons appears as & clearly dellneated

octet (see discussion under triethyl phosphate). Finegold(ls) has

noted that H'-p3*% gpin-spin coupling is enhanced when the phosphorus
atoms are attached to double-bonded sulfur atoms rather than to
double-bonded oxygen atoms. This observation 1is borne out in the
present case (8.38 versus 10.18 cps) as well as in tributyl phos-
phorothiocate.

5. Tri-n-propyl Phosphate, (CsH70)}sPO (Spectrum 4y

The apparent quartet at the low field side of the spectrum 1s from

the & methylene protons. Actually the apparent quartet 1s an unresolved
sextet. The methyl protons glve a triplet that is, characteristically,
at the extreme high field end of the spectrum. It 1s noteworthy that
this triplet does not have the 1:2:1 1ntenslty ratic that would be
predlcted by the binomial coefficlents rule. The high field branch

of the triplet 1s quite low in intensity. 1In butyl compounds thils
branch disappears almost entirely (see Spectrum 6 and compare wilth
Spectrum 2, the ethyl compound). The signal of the P methylene
protons appears as a multiplet at slightly lower fleld than the methyl
protons. This multiplet should have at least 12 slgnals; these are
not well_resolved in the spectrogram.
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6. Tri-n-butylphosphine, (C4Hs)zP (Spectrum 37)

Because no oxygen atoms are interposed between the phosphorus atom
and the alkyl chains, there 1s very little chemical shift for the

o methylene protons and the a, B, and Yy methylene spectrum 1s grouped
near the signal of the methyl protons. The protons from the methyl
groups give an asymmetrlc doublet -- the high field branch of the
expected triplet disappears in butyl compounds. The natural width of
the methylene proton signal obscures the fine structure and no further
analysls is possible.

7. Tri-n-butyl Phosphate (C4Hg0)3PO (Spectrum 6)

The protons of the o methylene groups glve a sextet -~ the P°* inter-
action doubles the triplet from interaction with the palrs of nearest
nelghbor methylene protons., The small single signal lccated about

60 cps above the si%nal Just described has been definitely identifled
as a water signal“ . The intense signal at the extreme high fleld
end of the spectra is at the usual methyl position. The remainder of
the signals, from the P and Y methylene protons, (21 may be seen) are
not well resolved. Attempts to ilmprove the resolution by dlluting
the TBP in an inert solvent such as CCl¢ were unsuccessful.

8. Tri-n-butyl Phosphite, (C4HpO)sP (Spectrum 32)

Tne spectrum 1s very similar to that of TBP. The B and 7 methylene
sighals are much better resolved, however, for the same reason that
triethyl phosphite gave a higher resolutlon than did triethyl
phosphate.

9. Iri-n-butyl Phosphorothloate, (C+Hs0)sPS {(Spectrum 30)

The sextet arising from the a methylene protons 1ls much clearer in
this compound than in TBP because the spin-spiln coupling with the p°t
nucleus 1s stronger (see discussilon under triethyl phesphorothloate}.

10. Di-n-butyl n-butylphosphonate (CsHg0)(CsHo }PO (Spectrum 41)

Thls spectrum 1s very similar to that of TBP (Spectrum 6) except that
the signal of the o methylene groups bonded to oxygen has relatlvely
less Intenslty than does the corresponding o methylene slgnal of TBP.
This 1s because there are only 2/3 as many such protons in the
present compound. The slgnal from the o methylene groups bonded
directly to phosphorus 1s present 1ln the partlally resolved reglon at
about 204 cps,




11. n-Butyl di-sec-butylphosphinate (C4Hp0)(CaHg) PO (Spectrum 39)

Compared to TBP, the spectrum shows a diminution of intensity at 10% cps
as noted above for dl-n-butyl n-butylphosphonate. The attendant
increase 1n intensity due to the increased number of alkyl groups
bonded directly to phosphorus (no intervening oxygen atoms) appears at
about 210 ¢ps.

W. E. Shuler

R L. Parhwomn, fueh -

R. C. Axtmann
Separations Chemistry Division
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