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ABSTRACT

The study includes determining the carbon-13 paramagnetically reduced
spin-lattice relaxation times of representative hydrocarbon types, of a
model mixture of hydrocarbon types and of an aromatic hydrocarbon
added to syncrude JP-4 jet fuel. The paramagnetic relaxation reagent
chromium acetylacetonate (CrAcAc) was used in all systems.

The limit of solubility of CrAcAc in 3 ml of jet fuel and 2 ml of CDCl3
was found to be approximately 0.07 M. Using this concentration, the
13C spin-lattice relaxation times (T,) of aromatic compounds range from
0.5 to 0.9 seconds, and for n-alkanes the range was found to be 0.9 to
1.8 seconds. A concentration of 0.04 M CrAcAc was used for analytical
anaiysis of average molecular structure parameters of syncrude JP-4
and four other jet fuels. This concentration was below the solubility
limit and yet does not appreciably increase the T, values or the cverall
experimental time. The mole percent as determined by NMR of aroma-
tics and alkanes found in syncrude JP-4 jet fuel was found to agree
with mass spectral data.

INTRODUCTION

For several years the Department of Defense in cooperation with the
Department of Emergy has had research programs aimed at characteriz-
ing and evaluating liquid hydrocarbon fuels obtained from various fossil
sources because the chemical composition of a jet fuel affects jet engine
performance, power output, engine life, and operation cost. A number
of techniques have been usad with some degree of success to character-
ize hydrocarbon fueis. However, most techniques require a substantial
amount of time and reqguire the samples to be fractionated into varicus
hydrocarbon types.

Carbon-13 and proton nuclear magnetic resonance spectroscopy (NMR)
can be rapid and can be performed on either the total sample or its
fractions. The technique has been used extensively to characterize
various fossil fuels in terms of average molecular structure parame-
ters!-3, and thus NMR was chosen to characterize samples of jet fuels.
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To use 13C effactively as an analytical technique, the long spin-lattice
relaxation times and variable nuclear Overhauser enhancement factor
(NOE) for carbon atoms in molecules generally comprising jet fuels must
be reduced or eliminated.

Spin-lattice relaxation times can be reduced, thereby reducing the
experimental time, by using relaxation reagents?-2. Concurrent with
the use of relaxation reagents is the near elimination of the NOE effect
which, when present, prevents direct correlation of the area of the
resonance peaks with the number of carbon atoms. The effects of
relaxation reagents on quantitative analysis of complex mixtures such as
petroleum crudes have been conducted!®/!!, The resuits of these
studies have shown that relaxation reagents are necessary for quanti-
tative analyses if the analyses are to be performed in a reasonable time.

In this investigation, the effects of the relaxation reagent, chromium
acetylacetonate (CrAcAc) on the carbon-13 relaxation times of carbon
atoms in model compounds, a mixture of several model compounds, and a
model compound in jet fuel were measured. Concentration levels of
CrAcAc used in the relaxation study were limited to the solubility of
CrAcAc in jet fuel. From the knowledge of relaxation times of model
compounds in the presence of CrAcAc, optimal instrumental conditions
were determined.

EXPERIMENTAL

Nuclear Magnetic Resonance

Carbon-13 spin-lattice relaxation times were determined on a Varian
CFT-20 NMR spectrometer, using the standard inversion-recovery pulse
sequence, 180°-1-90°-T, where T is the delay time (in seconds) be-
tween the pulse sequence and Tt is the time (in seconds) between the
inversion pulse (180°) and the measuring pulse (90°). Relaxation times
ware calculated using a nonrectilinear, two-parameter exponential re-
gression technique with the maximum signal amplitude fixed.

A JEOL FX-270 superconducting NMR spectrometer was used to obtain
proton and gated proton decoupled carbon-13 spectra used in quanti-
tative analysis of mixtures and jet fuels. Pulse widths of 8 usec (15
pusec 80°) and 5 pusec (14 psec = 90°) were used for carben-13 and
proton spectra, respectively. Six seconds was used for the pulse delay
for carbon-13 spectra and 2.5 seconds for proton spectra. Broadband
proton decoupling gated ON during data acquistion was used for car-
bon-13 spectra to suppress the nuclear Overhauser evfect.

Sample Source and Preparation

All hydrocarbon solutions were prepared using reagent-grade compounds
dissolved in CDCig. The relaxation measurements were made without
vacuum degassing of the samples. The reiaxation reagent, chromium
acetylacetonate, was purchased from Alpha Products and used as re-
ceived. Jet fuel samples were received from Wright-Patterson Air Force
Base (WPAFB). All jet fuel samples were prepared using a standard
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stock solution of 0.1 M CrAcAc in CDClz. Two millititers of this solu-
tion was syringe pipetted into a 5-ml volumetric flask, and fuel was
added to the 5-ml level. Al samples were then Tiltered via a syringe
and 5-p Teflon millipore filter into a 10-mm NMR tube.

RESULTS AND DISCUSSION

The carbon-13 spin-lattice reiaxation times (T;) for organic compounds
range generally from 5 to 200 seconds. Relaxation times for ipso and
bridged carbons of aromatic hydrocarbons are among the highest ob-
served. Two methods are often used to overcome the problem of long
relaxation times. One method is to reduce the pulse to a value between
45° and 75°, which in effect reduces the pulse delay time necessary to
achieve spin equilibrium. A shorter delay time allows feor faster pulsing.
However, a pulse less than 90° reduces the signal intensity, and thus
more pulses (additional time) will be necessary to achieve the desired
S/N ratio. Optimum parameters of pulse Fourier transform NMR are
discussed by Becker et al.!2, A second method is the addition of a
paramagnetic relaxation reagent to the solution. Depending upon the
concentration of the relaxation reagent, rezlaxation times of the crder of
100 seconds can be reduced to a few seconds. Thus, short pulse delay
times can be used, which in turn allows for shorter total time to a-
chieve the desired S/N ratio. The disadvantages of using relaxation
reagents are signal broadening, difficulties associated with the removal
from the soluticn if recovery of the original solution is necessary, the
relatively low soiubility of the relaxation reagents in organic solutions,
and the iower S/N ratio due to the absence of the NOE effect.

The soludility limit of the relaxation reagent in a given solution dictates
the maximum amount of reduction in the observed relaxation time, and
this in turn determines the overall experimental time necessary to obtain
good S/N ratios for quantitative analysis.

The relaxation reagent, chromium acetylacetonate, is only partially
soluble in a mixture of CHCIl; and jet fuel. To determine the pulse
delay time for a 90° pulse (maximum sensitivity) necessary to acquire
quantitative resuits in the shortest possible time, two experiments were
conducted: 1) the solubility of CrAcAc in a mixture of CHClg and
syncrude JP-4 jet fuel of various ratios was determined and 2) the
maximum molar concentration of CrAcAc found for the mixture of CHCl3
and jet fuel in the first experiment was used to study the reduction
effect of CrAcAc on the carbon-13 relaxation times of model compounds
of the types which could be found in jet fuels. With this information, a
pulse delay time could be determined for a given ratio of CHClz and jet
fuel which would give good S/N ratio in the shortest possibie time for
quantitative determinations. The limit of solubility of CrAcAc in 3 mi of
jet fuel and 2 mi of CDClz was fecund to be approximately 0.07 M.

Relaxation Studies. - Table | lists the 12C spin-lattice relaxation times
for (1) the model compounds used in this study, (2) a mixture of
several model compounds, and (3) 2,6-dimethylna{.vhtha|ene in syncrude
JP-4 jet fuel. Also included in the table are the 13C relaxation times of
the carbon atoms in n-hexane and in 2,6-dimethylnaphthalene as a
function of the molarity of CrAcAc. Carbon-13 chemical shifts for the
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mode{ compounds in CDCl3 with and without the addition of CrAcAc are
also listed in Table |I.

The relaxation times measured in this study were determined without
degassing of the samples. The literature values of the relaxation times
for the carbon atoms in the mcdel compounds were, for the most part,
determined under more exacting conditions and represent the longest
possible relaxation times.

A survey of the data in Table | indicates that CrAcAc at a concentra-
tion of about 0.073 M reduces a!l 13C relaxation times of aromatic com-
pounds to values ranging from 0.5 to 0.9 seconds. For n-aikanes using
0.073 M CrAcAc, the 13C relaxation times range from .9 to 1.8 seconds.
CrAcAc has less effect on alkanes than aromatics, which is to be expec-
ted because of the type of bonding orbitais associated with the two
classes cf compounds.

The concentration effects of CrAcAc on the relaxation times of n-hexane

and 2,6-dimethylnaphthalene were determined and are shown in Figure 1.

For comparison, the 13C relaxation time for benzenel3? as a function of
the molar concentration of CrAcAc is also given in Figure 1. It is szen
from both Table | and Figure 1 that all relaxation times for aromatic
carbons as well as the substituted alkyl carbons have, in general, the
same dependency on the molar concentration of CrAcAc. Thus, it is
possibie to establish the pulse delay time (5T,) for any given concen-
tration of CrAcAc necessary to give quantitative useful 13C NMR spec-
tra.

Two additional experiments were conducted to determine whether or not
the paramagnetically reduced relaxation times are significantly different
for 1) a mixture of modei compounds and 2) a model compound in syn-
crude JP-4 jet fuel. Table | lists the 13C relaxation times observed for
the model mixture containing n-hexane, 1-ethyl-2-methylbenzene, and
2,6-dimethylinaphthalene in CDCl; and contairing 0.072 molar CrAcAc.
As expected, the relaxation times for the carton atoms of n-hexane and
2,6-dimethylnaphthalene in the mixture wvaried little from the values
obtained for the individual compounds. However, the T; values for
1-ethyl(-2-methylbenzene appear to be slightly higher than expected.
The differences in T; observed (10 to 30 percent) are most likely cue
to differences in CrAcAc concentration and sample preparation.

The paramagnetically reduced relaxation times for carbon atoms of
2,6-dimethylnaphthalene in syncrude JP-4 jet fuel produced from shale
oil differ only slightly (~15 to 20 percent) from values obtained for the
pure compound. Crude shale oils contain appreciable amounts of free
radicals, ancd any contribution of the paramagnetic effects of free radi-
cals which may or may not exist in refined jet fuel on the !3C relaxa-
tion time of 2,6-dimethylnaphthalene is minimal.

Quantitative Analysis. - Since shale oil-derived jet fuels are complex
mixtures of aromatic and aliphatic compounds, conditions established for
quantitative NMR were performed on the previously mentioned model
mixture of approximate mole fraction ratios of 0.1:0.25:0.65 for 2,6-di-
methyinaphthalene, 1-ethyi-2-methylbenzene and n-hexane, respectively.
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With accurate weighing, the 'H and '3C NMR spectrai areas could be
predicted by direct counting of the various hydrogens and carbons in
different site positions for the three types of molecules comprising the
mixture. This mixture was also subjected to direct analysis by both H
and 13C NMR spectroscopy.

Syncrude JP-4 jet fuel has been extensively studied previously in this
Iaboratorg by both NMR and mass-spectral techniques!? and elsewhere
by NMR!S. The structural parametersi¢ for this fuel are considered to
be fairly well known, and therefore quantitative NMR analysis with and
without CrAcAc under the same instrumental conditions was used to
confirm the applicability of the method to jet fuel analysis. Table Il
lists the NMR structural parameters for syncrude JP-4 jet fuel with and
without CrAcAc. Also listad are the mass spectral data for comparison.
The mass spectral data were obtained using a modified version of the
ASTM procedure D2781-71 and are in volume percent; whereas the NMR
data are renorted in mole percent. For aromatic and alkane hydrocar-
bons, a nearly 71:1 correspondence exists between mole percent and
volume percent!4. The data in Table |l show that the jet fuzal sample
containing CrAcAc gives results that agree closely with mass spectral
data. Table ill lists the NMR structural parameters for four additional
jet fuel samples.

CONCLUSIONS

The limit of solubility of CrAcAc in 3 ml of jet fuel and 2 ml of CDCly
was found to be approximately 0.07 M. Using this concentration, the
13C spin-fattice relaxation times (T;) of aromatic compounds range frrom
0.5 to 0.9 seconds, and for n-alkanes the range was found to be 0.5 to
1.8 seconds. A concentration of 0.04 M CrAcAc was used for analytical
analysis of average molecular structure parameters of syncrude JP-4
and four other jet fuels. This concentration was below the solubility
limit and yet does not appreciably increase the T; values on the overall
experimental time. The mole percent as determined by NMR of aro-
matics and alkanes found in syncrude JP-4 jet fuel was found to agree
with mass spectral data.
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TABLE [I. - Average molecular structure parameters
and mole percent aromatics and alkanes for syncrude JP-4
jet fuel with and without CrAcAc

without with 0.04 M Mass spet:tr'ala
CrAcAc CrAcAc data
Hydrogen aromaticity .037 045
Carbon aromaticity .108 113
Mole percent aromatics 12.4 1.1 11.4
Fercent mono- 12.4 8.8 1.4
Percent di- .0 2.3 0.0
Fraction of substituted
and bridged carbens .03 .02
Fraction of unsubsti- ’
tuted carbons .07 .09
Mole percent alkanes 87.6 88.9 88.6
Fraction of n-alkanes .54 .56
Fraction of branched
alkanes .46 .44
CH,/CHj, ratio 1.9 2.1
Carbon chain ifength 9.0 8.3
Total atomic H/C ratio 2.02 2.02
Aromatic H/C ratio .69 .80
Alkane H/C ratio 2.18 2.17
2volume percent 4
TABLE IIl. ~ Average moiecular structure parameters

and mole percent aromatics and alkanes for NASA jet fuels®

VN-80-71 VN-B0-72 VN-80-73 VN-80-74
ERBS-35 ERBS-3B 38-11.8 3B-12.1
Hydrogen aromaticity .232 .050 L1444 5k
Carbon aromaticity .550 .190 .385 .288
Mole percent aromatics 82.3 19.7 45.2 33.4
Parcent mono- 69.8 15.0 34.8 25.5
Percent di- 12.4 4.7 10.4 7.9
Fraction of substi- .
tuted and bridged X h
carbons .23 .10 .15 .10
Fractien of unsubsti-
tuted carbons .32 .09 .23 .19
Mole percent alkanes 17.7 80.4 54.8 66.6 -
Fraction of n-alkanes .30 .46 .40 .37
Fraction of branched
alkanes .70 .54 .60 .63
CH;/CHj ratic .12 1.9 1.8 1.9
Carbon chain length  11.3 10.0 10.4 7.6
.
Total atomic H/C ratio 1.38 1.77 1.60 1.68
Aromatic H/C ratio .58 .47 .60 .65
Alkane M/C ratio 2.35 2.08 2.23 2.10

2Contains .04 M CrAcAc
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