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Measurements of relaxation time and diffusion coefficient by nuclear magnetic resonance are well-established
techniques to study molecular motions in fluids. Diffusion measurements sense the translational diffusion
coefficients of the molecules, whereas relaxation times measured at low magnetic fields probe predominantly
the rotational diffusion of the molecules. Many complex fluids are composed of a mixture of molecules with
a wide distribution of sizes and chemical properties. This results in correspondingly wide distributions of
measured diffusion coefficients and relaxation times. To first order, these distributions are determined by the
distribution of molecular sizes. Here we show that additional information can be obtained on the chemical
composition by measuring two-dimensional diffusion-relaxation distribution functions, a quantity that depends
also on the shape and chemical interactions of molecules. We illustrate this with experimental results of
diffusion-relaxation distribution functions on a series of hydrocarbon mixtures. For oils without significant
amounts of asphaltenes, the diffusion-relaxation distribution functions follow a power-law behavior with an
exponent that depends on the relative abundance of saturates and aromatics. Oils with asphaltene deviate
from this trend, as asphaltene molecules act as relaxation contrast agent for other molecules without affecting
their diffusion coefficient significantly. In waxy oils below the wax appearance temperature a gel forms. This
is reflected in the measured diffusion-relaxation distribution functions, where the restrictions due to the gel
network reduce the diffusion coefficients without affecting the relaxation rates significantly.

I. Introduction

Many naturally occurring fluids are complex mixtures of
molecules with a wide range of size and chemical properties.
For the understanding and prediction of fluid properties such
as viscosity and the onset temperature of gelling, waxing or
other phase transitions, it is essential to have an accurate
knowledge of the distribution of molecular sizes and the
chemical composition. Techniques to determine the distribution
of molecular sizes include gas chromatography,1 mass spec-
troscopy2 and nuclear magnetic resonance (NMR) relaxation
and diffusion measurements.3,4 Information on chemical com-
position can be obtained by standard chemical analysis5 or
spectroscopy, such as NMR6 or optical spectroscopies.

In this paper, we discuss a new approach to obtain chemical
information based on low field NMR measurements, in par-
ticular from the measurement of two-dimensional distribution
functions between diffusion and relaxation. We concentrate on
distribution functions between translational diffusion and trans-
verse relaxation,7 and on distribution functions between longi-
tudinal and transverse relaxation.8 At low fields, the diffusion-
relaxation distribution functions are related to the distribution
functions between translational and rotational diffusion coef-
ficient, a quantity that depends on the shapes of the molecules
and their interactions. Distribution functions between longitu-
dinal and transverse relaxation times are particularly sensitive
to motion below the Larmor frequency and are therefore able
to detect the presence of large molecules and aggregates.

The translational diffusion properties of molecules in simple
fluids is mainly controlled by the molecular size and to a lesser
degree by their shapes. Proton NMR relaxation in simple fluids
is typically dominated by dipolar interactions, modulated by
the local motions of the molecules and has been studied
extensively.9,10 For small molecules with large rotational dif-
fusion coefficients, the rapid molecular tumbling averages out
the dipolar interactions of adjacent spins to a high degree. This
results in long relaxation times. For larger molecules, the
rotational diffusion coefficients decrease and the observed
transverse relaxation timesT2 decrease accordingly. As long as
the tumbling frequency is high compared to the Larmor
frequency, the system is in the fast motion regime and the
longitudinal and transverse relaxation times,T1 andT2, respec-
tively, are equal. When the fluid contains large molecules or
aggregates, some of the tumbling motions are slower than the
Larmor frequency and the two relaxation timesT1 andT2 differ.
In such cases, both the overall molecular reorientation and the
internal molecular motion have to be considered.11

In complex fluids of interest here, it is necessary to use
distributions to describe both the relaxation and diffusion
properties of the sample. We denote these distribution functions
by f(T2) and f(D), respectively. To first order, we expect that
the range of relaxation times and diffusion coefficients is a
measure of the range of molecular sizes in the fluid. As an
illustration, Freed et al.3,4 found that for mixtures of alkanes,
both the measured diffusion coefficientsD and transverse
relaxation timeT2 show a power-law dependence on chain length
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over a surprisingly large range. In such systems, it is then
possible to relate the distribution of measured relaxation times
directly to the distribution of chain length of the alkane
molecules. Diffusion and relaxation distribution functions are
directly related to each other.

In the more general case when the components of the fluids
not only are of different size but also have different shapes, a
more complex response is anticipated. The two-dimensional
diffusion-relaxation distribution functionf(D,T2) probes the
relationship between translational and rotational diffusion coef-
ficient for each component. The shape of this distribution
function is then a fingerprint of the fluid and reflects the
composition of the fluid.

We have tested this approach by measuring systematically
distribution functionsf(D,T2) and f(T1,T2) for a dozen hydro-
carbon samples with a range of viscosities and chemical
composition.12,13These oils consist of a mixture of components,
including chainlike molecules such as alkanes, aromatic mol-
ecules that contain ringlike components, and larger, polar
asphaltene molecules that have a high tendency to aggregate.14

A key advantage of these NMR based measurements is that
they can be performed noninvasively, even when the fluid is
contained in a nontransparent holder or fills the pore space of
porous media.15 In addition, the requirement on the strength
and homogeneity of the magnetic field is much less stringent
than for conventional NMR measurements. Magnet systems
based on permanent magnets and ex-situ configurations are well
suited for this purpose.

The paper is organized as follows: In section II, the samples
and their compositions are discussed. Details of the experimental
NMR techniques and analysis are presented in section III.
Results of the measured distribution functions off(D,T2) and
f(T1,T2) and their temperature dependences are given in section
IV. The results are analyzed and discussed in section V. The
conclusions are presented in section VI.

II. Samples

We studied 12 hydrocarbon samples, collected from different
oil fields, that cover a range of chemical composition and
viscosity. The samples are stock tank oils that have been stored
at room temperature and ambient pressure for a number of years
and lost the volatile components. The oils were deoxygenated
with a freeze-vacuum-thaw technique16 to remove oxygen (that
is paramagnetic) and eliminate its effect on the NMR relaxation
times. The samples were then sealed in cylindrical glass
ampoules of 25 mL volume.

A standard method to characterize the overall composition
is to perform a so-called SARA analysis that divides the oils
into four fractions with different polarities and solubilities.12

The four components are referred to as saturates, aromatics,
resins, and asphaltenes. Asphaltenes12,14 are by definition
insoluble inn-heptane and are first precipitated from the oil.
After filtering out the asphaltenes and removing then-heptane,
the remaining sample is referred to as maltene. It is separated
into the three remaining fraction by liquid chromatography.17

Results of the SARA analysis for our oils, performed indepen-
dently in two different laboratories, are given in Table 1. It is
well-known that results of the SARA analysis depend somewhat
on the details of the laboratory procedure used in its imple-
mentation.18 Although the reproducibility for a given procedure
is typically 1% or better, differences obtained with different
procedures are often significantly larger, as is evident in Table
1. As an example, the procedure by Oilphase-DBR to quantify
the asphaltene components includes extra steps to remove any
trapped saturates in the precipitate.19 It is therefore not surprising
that the asphaltene concentrations reported by Intertek Westport
are systematically higher than those reported by Oilphase-DBR.

In addition to the measurements shown in Table 1, high-
temperature gas chromatography measurements were performed
on the maltenes by Oilphase-DBR, Edmonton, Alberta, Canada.
The gas chromatography results are shown in Figure 1. In each
panel, the upper curve shows the concentration of molecules
with a certain carbon numberNi, whereas the lower curve shows
the concentration ofn-alkanes. This separation is possible
because then-alkanes have well-defined retention times and
appear as sharp peaks that can be separated from the rest of the
signal.

On the basis of the results in Table 1 and Figure 1, we group
the oils into three classes of oil. These groups have been
indicated by horizontal separators in Table 1 and have been
placed in different columns in Figure 1. We call the three classes
by their main features: class 1, saturate rich oils; class 2,
aromatic rich oils; class 3, oils with asphaltene.

Oils in class 1 and 2 have no significant amounts of
asphaltene. Oils with a least 1% of asphaltenes form class 3.
These oils have also relatively high levels of resin. The
difference between oils in class 1 and class 2 is most apparent
from the results of the gas chromatography: oils in class 2 have
abnormally low levels ofn-alkanes. In addition, the chain length
distribution for the organics is not decaying monotonically with
chain length in these oils. The SARA results also show that
these oils tend to have high levels of aromatics and high

TABLE 1: Properties of the 12 Samples Used in This Studya

sample saturates aromatics resin asphaltenes density wax η (cP])

#1 96.2 85.1 3.7 8.2 0.1 5.8 0.0 0.13 0.797 20.0 11.5
#2 67.1 73.9 24.9 13.6 7.9 10.5 0.0 0.03 0.845 11.5 9.4
#3 59.4 72.2 26.9 15.8 13.6 10.6 0.1 0.05 0.849 11.9 4.0
#4 52.6 60.6 31.3 17.7 15.2 22.1 0.9 0.20 0.859 8.4 5.8

#5 61.3 60.5 34.5 23.0 4.2 11.0 0.0 0.04 0.881 9.7 24.1
#6 51.2 70.0 38.7 10.2 10.0 17.0 0.1 0.02 0.925 2.7 31.3
#7 50.1 65.7 38.0 16.8 11.7 11.2 0.2 0.13 0.921 2.8 25.5
#8 72.8 18.4 5.5 0.01

#9 37.9 39.9 32.4 22.2 18.3 26.1 12.9 8.16 0.916 7.1 72.7
#10 52.1 54.7 27.2 17.3 16.1 25.3 4.9 2.71 0.883 5.9 23.2
#11 47.0 49.7 27.3 18.0 18.7 27.3 7.6 2.4 0.886 8.6 30.2
#12 45.9 53.5 33.9 18.8 17.3 26.9 3.0 1.17 0.874 8.4 35.5

a The results of the SARA analysis (in weight percent) performed by Intertek Westport Technology Center, Houston, are shown in the left
columns, whereas those by Oilphase-DBR, Edmonton, Canada, are displayed on the right. Also shown are the densities at 25°C (in g/cm3), the wax
concentration (sum of alln-alkanes, in weight percent), and the viscosity.
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densities. Oils with significant biodegradation and no asphaltene
will fall into class 2.

III. Experimental Techniques

NMR measurements of low-field relaxation and diffusion
were performed in the fringe field outside of a horizontal bore
2 T magnet at a Larmor frequency 5.03 MHz and associated
field gradient ofg ) 54.4 G/cm, unless otherwise noted. The
techniques used to measure the two-dimensional distribution
functionsf(D,T2) and f(T1,T2) are described in detail in refs 7
and 20. HereD is the diffusion coefficient, andT2 andT1 are
the transverse and longitudinal relaxation times, respectively.
The durations of the 180° and 90° pulses were typicallyt180 )
22 µs and t90 ) 12 µs, respectively.

We used the pulse sequence (a) in Figure 2 to measure the
diffusion-T2 distribution functionsf(D,T2) of the majority of
samples.7 The sequence consists of an initial stimulated echo
sequence, followed by a long train of 180° refocusing pulses.
The time between the first and second 90° pulse (which is equal
to the time between the third 90° pulse and the stimulated echo)
was systematically changed in the range of 200µs to 16 ms to
obtain diffusion sensitivity over the full range of interest. The
time between the first 90° pulse and the stimulated echo was
kept constant atTd ) 40 ms. We acquired 8000 echoes with an
echo spacingtE ) 298µs. The initial data processing followed

the procedure outlined in7 and included filtering of the echoes
and correction of the initial transient effect due to off-resonance
effects. The echo amplitudes are then related to the distribution
function f(D,T2) for spins surviving at timeTd by

Hereγ is the gyromagnetic ratio,g is the applied magnetic field
gradient, andt is the time after the stimulated echo. The
distribution functionf(D,T2) is extracted from the measured
amplitudes using the algorithm for inverse fast Laplace trans-
formation described in ref 21. The regularization parameterR
in this optimization procedure was typically chosen to beR )
10.

For measurements at the higher temperatures, convection
effects interfered with the diffusion measurements. This problem
can be avoided by using sequence (b), where the initial echo
spacingstE,1 are systematically increased to encode diffusion.
As was first pointed out by Carr and Purcell,22 the second echo
is compensated for flow effects. As a consequence, the echoes
collected with sequence (b) are not affected by convection
effects during the encoding time.

Figure 1. Gas chromatography data for the maltenes of the 12 samples. The upper curves show the total organics content, whereas the lower
curves show only then-alkanes. For sample 8, the information ofn-alkanes is not available.

A(t,δ) )

∫∫dD dT2 f(D,T2) exp{-γ2g2δ2D(Td - 4δ
3 )} exp{- t

T2
}

(1)
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T1-T2 distribution functions were measured with the pulse
sequence of Figure 2 (c). It is based on the inversion-recovery
sequence, 180°-τ1-90°, followed again by a long train of
refocusing pulses. The recovery timeτ1 was changed logarith-
mically in the range of 1 ms to 10 s in 30 steps. As for the
D-T2 measurements, we acquired 8000 echoes with an echo
spacing of 298µs. As described ref 7, we first filtered the
echoes, subtracted the fully recovered signal, and corrected the
transient effect of the first few echoes caused by off-resonance
effects. The resulting amplitudes for theT1-T2 experiment are
then given by

To measure small diffusion coefficients associated with the
heavier oils, relatively large field gradients are required. It is
convenient to use static gradients to avoid eddy current effects.23

However, for samples with higher diffusion coefficients and
long relaxation times, the presence of a static gradient during
the CPMG sequence contributes an extra decay rate to the
observed signal due to diffusion that is of the order ofγ2g2DtE2/
12. In the present results, this effect is only noticeable for
relaxation times longer than 1 s.

Measurements were performed at temperatures between 5 and
57 °C. The temperature of the samples were controlled within
0.1 °C.

IV. Results

A. Diffusion-T2 Distribution Function. Figure 3 gives an
overview of the measured distribution functionsf(D,T2) for the
12 oils atT ) 30 °C. The distribution functions typically extend
over a decade in diffusion coefficients and relaxation times,
reflecting the wide distribution of chain lengths in the oils. As
a reference, we have included in the plots off(D,T2) the “alkane
line” D ) âT2, whereâ ) 5 × 10-10 m2/s2. This line follows
the correlation between the mean diffusion coefficient and mean
T1 of pure alkanes reported in ref 24.

We can immediately draw two conclusions. First, the diffu-
sion-T2 distribution function is a distinct fingerprint of an oil.
Second, the measured distribution functionf(D,T2) for oils within
a given class share general properties: Oils in class I display
contributions that are approximately along the alkane line. The
contributions for oils in class II are also generally close to the
alkane line, but with a slope that is significantly smaller than
for class I oils. Finally, oils with asphaltene (class III) have
contributions that are clearly above the alkane line.

Oils of class I and II show a strong correlation between the
measured diffusion coefficient and transverse relaxation time.
For these oils, the center of the contributions off(D,T2) is close
to the alkane reference line and the relationship between the
diffusion coefficient of a component,Di, and the corresponding
relaxation time,T2,i, can be well approximated by a power law:

Oils in class I can be distinguished from oils in class II by the
exponentsú. The valuesú extracted from the measured
distribution functions, using a least-squared optimization, are
listed in Table 2. The exponents for oils with high fraction of
saturates (class I) are clustered between 0.7 and 0.85, whereas
those for class II oils are clustered around 0.5.

Oils with a significant fraction of asphaltene (class III) are
also easily identified from the distribution functionf(D,T2). For
all such oils, the main contributions inf(D,T2) lie systematically
above the alkane line. In Figure 4, we display the centers of
mass (〈D〉,〈T2〉) extracted from the diffusion-relaxation time
distribution functions shown in Figure 3. Here the averages are
defined by log〈D〉 ) 〈log(Di)〉 and log〈T2〉 ) 〈log(T2,i)〉. For
oils without asphaltene, the averages cluster around the alkane
line, whereas for oils with asphaltene, the averages clearly lie
above this line. At lower temperatures, a number of oils show
wax precipitation. As discussed in section IV.C.1, this leads to
a deviation of the center of mass below the alkane line.

B. T1-T2 Distribution Function. The results for theT1-T2

distribution functionsf(T1,T2) are shown in Figure 5 forT )
30 °C. It is remarkable that for a given oil the ratiosT1/T2 for
the individual components are nearly constant; i.e., the contribu-
tions of f(T1,T2) are confined to a line along or parallel to the
reference lineT1 ) T2. Close inspection shows that for oils with
relaxation times longer than 1 s, the distributions slightly bend
away from a constantT1/T2 ratio at the longest relaxation times.
This is caused by diffusion effects in the static gradient26 that
shorten the measured transverse relaxation times. Comparing
the response of different oils, we find that theT1/T2 ratio is
sample specific. The ratio is close to 1 for oils without

Figure 2. Pulse sequence to measure 2d distribution functions in the
presence of a constant gradient. The first two sequences are examples
to measuref(D,T2), consisting of a diffusion encoding subunit, followed
by the CPMG sequence. In (a) the diffusion editing is based on a
stimulated echo, whereas in (b) it is based on the second direct echo
with increased echo spacing. The bottom sequence in (c) was used to
measure af(T1,T2). TheT1 editing is achieved by an inversion-recovery
sequence.

TABLE 2: Exponents ú for Class I and Class II Oils
Extracted from Experimental Data Shown in Figure 3

sample exponentú sample exponentú

#1 0.84 #5 0.55
#2 0.71 #6 0.45
#3 0.69 #7 0.53
#4 0.82 #8 0.54

A(t,τ1) ) ∫∫dT1 dT2 f(T1,T2) exp{-
τ1

T1
} exp{- t

T2
}

(2)

Di

〈D〉
) ( T2,i

〈T2〉)
ú

(3)
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asphaltene (class I and II), and significantly larger than 1 for
oils with asphaltene (class III oils).

The T1/T2 ratio therefore provides an alternative method to
infer whether an oil has significant amounts of asphaltene. In
Figure 6, we plot the centers of mass of theT1-T2 distribution
functions for all the oils. Oils with asphaltene (class III) clearly
stand out and are easily identified.

C. Temperature Dependence.The temperature dependence
of the diffusion-T2 distribution functions for three representative
oils are shown in Figure 7. The three oils (#4, #7, and #10) are
members of the three different classes and stay single-phase
over the whole temperature range studied. The figure shows
distributions measured at three different temperatures, 10°C
(blue), 30°C (black), and 50°C (red).

As the temperature is increased, the oil viscosity decreases
and as a consequence, the diffusion coefficients and relaxation
times increase, as expected. Note that for each oil, the shape of
the distribution function is to first-order unaffected by temper-
ature. This implies that for oils in class I and II the relationship
of eq 3 is preserved, with an exponentú that is to first order
independent of temperature.

When the temperature is changed, the observed overall shift
of the diffusion-relaxation time distribution function is pre-
dominantly parallel to the alkane line for all three oils. Within
the experimental uncertainties, the relative shift in the measured

Figure 3. Measured distribution functions between diffusion and transverse relaxation time,f(D,T2), for the 12 deoxygenated oils atT ) 30 °C.
In each panel, the dashed line is the “alkane line” that indicates the correlation between the mean diffusion coefficient and meanT1 of pure alkanes
reported in ref 24. The red solid lines are fits to the power-law behavior of eq 3. Contour lines are drawn at 10%, 20%, 30%, 50%, 70% and 90%
of the maximum values of each distribution function. The oils are arranged in columns according to the composition class discussed in
section II.

Figure 4. Center of mass of the measured distribution functionsf(D,T2)
for all oils. The plot contains results from measurements at temperatures
between 10 and 50°C. Results for oils of different classes are identified
by different symbols: (+) class I oils; (×) class II oils; (O) class III
oils. The dashed line shows the alkane line, i.e., the correlation between
the mean diffusion coefficient and meanT1 of pure alkanes.24 Oils with
asphaltene (class III oils) all appear above the alkane line and are easily
identified in this plot.
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diffusion coefficients equals that in the relaxation times:

This behavior is consistent with the temperature dependence

of the average relaxation time and diffusion coefficients of oils
reported by Straley in ref 27. This indicates that over the
temperature range studied, the temperature dependence of the
diffusion coefficient and relaxation time is dominated by the
same underlying quantity, i.e., the internal viscosity.3,4

The results presented in Figure 7 demonstrate that the features
in f(D,T2) used to infer the general composition are to first order
independent of temperature. The distance of the center of mass
from the alkane line stays constant, as the slope of the dominant
feature. Therefore, the correspondence between general features
of composition and features in the distribution function holds
over the full temperature range.

1. Waxy Oils.Crude oils with a significant fraction of long-
chainn-paraffins are generally classified as waxy oils12 and have
a high wax appearance temperature. When such crude oils are
cooled, the long-chain molecules tend to crystallize below the
wax appearance temperature and form a gel.28,29The formation
of such organogels drastically increases the viscosity and can
lead to numerous problems during production, transportation
or processing of crude oil.

Among our samples, Table 1 indicates that oil #1 has the
highest wax content with 20%. As the temperature is reduced
below 20°C, this oil becomes cloudy and wax crystals appear.
The viscosity increases drastically and the sample appears to
be solidlike. This waxing behavior is reflected in the diffusion-

Figure 5. Measured distribution functions between longitudinal and transverse relaxation time,f(T1,T2) for the 12 oils atT ) 30 °C. The dashed
lines indicateT1 ) T2. The oils are arranged in columns according to the composition class, identically to Figure 3. Oils with significant amounts
of asphaltene, displayed in the third column, show consistentlyT1/T2 ratios larger than 1.

Figure 6. Center of mass of the measured distribution functionsf(T1,T2)
for all oils. The plot contains results from measurements at temperatures
between 10 and 50°C. Results for oils of different classes are identified
by different symbols: (+) class I oils; (×) class II oils; (O) class III
oils. The dashed line indicatesT1 ) T2. Oils with asphaltene (class III
oils) are easily identified in this plot.

〈D〉(T)

〈D〉(T0)
=

〈T2〉(T)

〈T2〉(T0)
(4)
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T2 measurements, as shown in Figure 8. As the temperature is
lowered, the main contribution inf(D,T2) moves below the
alkane line. Even though the overall viscosity of the sample
increases drastically and the oil stops flowing, the relaxation
times do not decrease greatly and the diffusion coefficients
decrease by less than an order of magnitude. The experiments
therefore indicate that the motion of the detected spins are still
fluidlike.

These observations are consistent with the presence of a gel
that consists of a cross-linked network and a liquid component.

It is known that the rigid network can be formed by a small
weight fraction of the sample; typical values of 4% were
reported in ref 30. The relaxation times for the solid phase is
very short and is not detected in our experiments. The presence
of the gel network impedes the diffusion of the fluid molecules
and leads to the lowering of the measured diffusion coefficients.
However, the solid phase does not affect the relaxation of the
liquid fraction significantly. We find that theT1/T2 ratio stays
close to 1 over the whole temperature range studied. As the
temperature is lowered, two opposing effects influence the
relaxation times. A temperature decrease increases the internal
viscosity, which lowers the relaxation times (see Figure 7). At

Figure 7. Diffusion-T2 relaxation distribution functions for oils
representing the different classes at three different temperatures, 10,
30 and 50°C, shown as blue, black, and red contours, respectively:
(A) saturate rich oil, #4; (B) aromatic rich oil, #7; (C) an oil with
significant amounts of asphaltene, #10.

Figure 8. Diffusion-relaxation (left) andT1-T2 (right) distribution
functions of a waxy oil (#1) at temperatures between 30 and 5°C. As
the temperatures is decreased from 30°C, paraffins condense out and
a gel is formed. This leads to a much larger decrease in the diffusion
coefficient than relaxation time.
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the same time, the composition of the liquid component changes,
as long-chain molecules preferentially condense out at lower
temperature.31 This change of composition tends to lower the
intrinsic viscosity and increase the relaxation times and coun-
teracts the general temperature effect.

V. Discussion

A. Oils without Asphaltenes.For oils without asphaltenes
(class I and II), theT1-T2 distribution functions show thatT1

) T2 within experimental error over the entire range of
relaxation times (after compensating for the diffusion induced
artifact at long relaxation times). This implies that the spin
dynamics is in the extreme motional averaging regime; i.e., all
relevant motion is much faster than the Larmor frequency. There
are no large, slowly tumbling aggregates present in these fluids.

For oils in the extreme motional averaging regime, we expect
that the scaling laws for mixtures of linear alkanes discussed
by Freed et al.3,4 should be applicable. In this model the diffusion
coefficientDi of a component of chain lengthNi in the mixture
follows a power-law dependence on chain length:

The exponentν is temperature independent and was found to
be ν ) 0.7 for a mixture of linear alkanes3 and reflects the
relationship between radius of gyration and chain length. The
only temperature-dependent term is the prefactorD(Nh ), which
is an overall property of the fluid mixture.

In an extension of the analysis to relaxation, Freed4 showed
that the relationship between relaxation times of the components
in a mixture of linear alkanes and their chain lengths is given
by an expression similar to eq 5. The theoretical analysis of
relaxation is more complicated than the problem of diffusion
because proton relaxation is affected both by internal motion
and by rotational reorientation of the molecules, whereas
translation diffusion only depends on the motion of the center
of mass of each molecule. Nevertheless, Freed found that for
mixtures of alkanes, the chain length dependence of the
relaxation time of a component can still be approximated by a
power law:

The exponentκ, determined by fitting experimental data of
alkane mixtures to eq 6, was found to beκ ) 1.24( 0.04.4 It
is expected to be independent of temperature. The temperature
dependence of the relaxation times is therefore determined by
the temperature dependence ofT2(Nh ), an overall property of
the fluid.

We can combine the two theoretical expressions for relaxation
and diffusion, eqs 5 and 6, to obtain

This equation has the same form as our phenomenological ansatz
of eq 3.25 We can now relate the exponentú to the exponents
ν andκ:

For mixtures of alkanes, the expected value for the exponentú
is thereforeú ) 0.56 ( 0.02. The experimental values forú

are listed in Table 2 and are all within a factor of 1.5 of the
value derived for alkane mixtures. Somewhat surprisingly, the
saturate rich oils (class I) have exponents that are larger than
the expected value for alkane mixtures, and the exponents for
the aromatic rich oils (class II) are remarkably close to the
theoretical alkane value.

The composition of oils can be very complex. Even in oils
with a large fraction of saturate molecules, linearn-alkanes are
generally only a small component of these samples. Other
saturate molecules such as branched and cyclic alkanes modify
the relationship between carbon number and diffusion.32 The
systematic differences in the exponentsú indicate that the
relaxation times and diffusion coefficients not only are a function
of the size of the molecules but also have a second-order
dependence on the shape or chemical nature of the molecule. It
is this sensitivity that makes these NMR measurements useful
fingerprints of the oils. At the same time, it is remarkable to
note that all crude oils without asphaltene are still well described
by the relationship of the form of eq 7, which was initially
derived for mixtures of alkanes.

B. Oils with Significant Asphaltene Content.1. Relaxation
Measurements.In oils with significant amounts of asphaltenes,
the longitudinal relaxation timeT1 is consistently longer than
the transverse relaxation timeT2 for each component. This
implies that the dynamics of these fluids are not in the motional
averaging regime anymore. The motion has a component with
a characteristic frequency that is comparable or smaller than
the Larmor frequency. It is natural to associate this slow motion
with the presence of large asphaltene aggregates.

For systems outside the motional averaging regime, the
measuredT1 times are expected to be dependent on the Larmor
frequency. In Figure 9 we compare theT1 distributions at 5.03
MHz with those measured at 1.76 MHz, a reduction of about a
factor of 3. For the oils without asphaltene (#3 and #6), theT1

distributions for the two Larmor frequencies essentially overlay,

Di(Ni) ) D(Nh )(Ni

Nh )-ν

(5)

T2,i(Ni) ) T2(Nh )(Ni

Nh )-κ

(6)

Di

D(Nh )
) ( T2,i

T2(Nh ))ν/κ

(7)

ú ) ν/κ (8)

Figure 9. T1 relaxation distribution functions for 3 oils at two different
Larmor frequencies, 1.76 MHz (blue) and 5.03 MHz (red), for three
oils with different composition. The top panel shows results for a
saturate rich oil (#3), the middle panel for an oil rich in aromatics (#6),
and the bottom panel for an oil with asphaltene (#10). Relaxation for
oil #10 becomes faster at the lower Larmor frequency, confirming that
asphaltene molecules lead to slow motion and the dynamics is not
completely in the motional averaging regime anymore.
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further confirming that the dynamics is in the motional averaging
regime. In contrast, theT1 distributions for the oil with
asphaltene (#10) are shifted and show a distinct frequency
dependence.

Asphaltenes are generally the largest molecules in crude oil.
These molecules easily aggregate and form large conglomerates
that can reach macroscopic size.14 The presence of such
aggregates naturally leads to slow motion and explains the
general features described.

However, some features of the data for oils with asphaltene
in Figures 5 and 9 are rather remarkable and require further

discussion. In particular, Figure 5 shows that the presence of
asphaltene increases theT1/T2 ratio for all components by about
the same factor. One might have expected that the signal of
asphaltene molecules appears at short relaxation times and that
only this contribution displays an enhancedT1/T2 ratio. Similarly,
in the bottom panel of Figure 9, allT1 components are affected
by the change of Larmor frequency, not only the fast relaxing
components. This implies that the asphaltene molecules affect
the dynamics of all oil molecules. In fact, the majority of the
protons on the asphaltene are not detected directly with our
experimental setup, as their intrinsic relaxation time is too
short.33 Instead, the asphaltene aggregates are detected indirectly
by their effect on the relaxation properties of the other oil
molecules. A more detailed analysis of this effect will be
presented elsewhere.

2. Diffusion-Relaxation Measurements.For oils with as-
phaltene, the main contributions off(D,T2) are located well away
from the alkane line. In principle, this shift could be caused by
diffusion that is anomalously high, or by relaxation that is
anomalously fast. An increased relaxation rate is much more
plausible, and has in fact already been reported for asphaltene
in simple solvents.34,35Results presented in Figure 10 show that
asphaltene molecules also act as relaxation contrast agents in
these more complex samples. In these experiments, asphaltene
was systematically added to oil #8. As shown on the left-hand
side of Figure 10, the addition of asphaltene leads to a
characteristic shortening of the relaxation times of all compo-
nents. Furthermore, the ratioT1/T2 increases gradually with
asphaltene concentration. As asphaltene is added, the main
feature in theT1-T2 distribution function transforms from a
narrow ridge along theT1/T2 ) 1 line to a somewhat broader

Figure 10. Diffusion-T2 distributions functions (left) andT1-T2

distribution functions (right) for oil #8 doped with different amounts
of asphaltene, as indicated in the figures. The dashed lines on the left
are the alkane lines, and the dashed lines on the right indicateT1 ) T2.
As the asphaltene content is increased, the relaxation times systemati-
cally decrease and the main contributions in theD-T2 distribution
functions move away from the alkane line. Asphaltenes have a larger
impact onT2 than onT1 relaxation: the contributions of theT1-T2

distribution functions move away from theT1-T2 correlation line with
increasing asphaltene content.

Figure 11. Projections of the two-dimensional distribution functions
shown in Figure 10 for oil #8 with different asphaltene concentrations.
In the top panel, the diffusion distribution functionf(D) obtained from
the diffusion-T2 distribution function are shown, whereas in the middle
and lower panel, we show theT2 and T1 distribution functions,
respectively, obtained from the measuredT1-T2 distribution functions.
The diffusion distributionsf(D) are essentially identical for all asphalt-
ene concentrations. Increasing the asphaltene concentration shifts the
T2 distribution functions without distorting the shape significantly. The
T1 distributions are also shifted by asphaltene, but by a significantly
smaller degree than forT2.
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ridge at a higherT1/T2 ratio. The features of the two-dimensional
distribution functions continuously change from those associated
with class II to those of class III.

It is interesting to compare the effect of asphaltene to that of
oxygen and other paramagnetic contrast agents widely used in
medical imaging.36 To first order, a contract agent increases
the relaxation rate of the oil componenti as follows:

HereT2,i|oil is the relaxation time of the oil without asphaltene
andε is the fraction of time that the oil molecule is in the vicinity
of the asphaltene aggregate experiencing an extra relaxation rate
1/T2,i|asph. The effect of oxygen on the relaxation of crude oil
were studied in16 and could be accurately described with an
expression equivalent to eq 9, using values forε and the extra
relaxation rate that were uniform for all components within a
given oil. The remarkable feature for asphaltene is that the
asphaltene induced relaxation ratesε 1/T2,i|asphare not identical
for all components of an oil but depend on the relaxation rate
of the component. This effect is particularly evident in Figure
11 that displays the one-dimensional distribution functions for
diffusion, T2, andT1, obtained by projection of the data shown
in Figure 10 for the five different asphaltene concentrations. In
this system, increasing the asphaltene concentration shifts the
T1 and T2 distribution functions without distorting the shape
significantly, whereas it has very little effect on the diffusion
distribution, i.e.,f(D,T2) f f(D,T2/λT2) andf(T1,T2) f f(T1/λT1,T2/
λT2).

We expect that the effect of asphaltene on the other oil
molecules is a strong function of its aggregation state. Unlike
most other techniques that are used to study the aggregation
state of asphaltene, the current technique is not limited to model
systems but can be used in crude oil. A more detailed analysis
and theoretical description will be presented elsewhere.

VI. Conclusion

We have demonstrated that two-dimensional diffusion-T2 and
T1-T2 distribution functions can be used to characterize complex
fluids. In the hydrocarbon oils studied here, we were able to
correlate specific features in the distribution functions with
general properties of the chemical composition. A summary of
the observed effects are listed in Table 3. These relationships
hold over the whole temperature range studied, i.e., between
10 and 50°C, unless a waxing transition occurs.

In addition to the general information on chemical composi-
tion, the power-law relationships developed by Freed et al.3,4

for alkane mixtures can be used to extract an approximate
distribution of chain lengths from the measured distributions
of relaxation times or diffusion coefficients. TheT1-T2 distribu-
tion functions measured in our experiments are particularly
sensitive to slow motion associated with a characteristic
frequency of a few MHz or below. For this reason, it is well
suited to study the process of the aggregation of asphaltene or
other large molecules. We have shown here that such asphaltene
aggregates act as relaxation contrast agents, without affecting
the diffusion properties of the other oil molecules significantly.

The present study focused on hydrocarbon oil. We expect
that this general approach should be useful to the study of a
much wider class of fluids with different chemical composition.
To first order, the diffusion coefficient and the low-field
relaxation time of a component is determined by its molecular
size and the internal viscosity of the mixture.3,4 However, the
specific shapes, chemical properties and interactions of the
molecules will modify the relationships. In general, these effects
will not be the same for diffusion and relaxation. As a
consequence, the simultaneous measurement of diffusion and
relaxation with the distribution functions encodes this chemical
information.

This approach based on distribution functions is well suited
for complex fluids with a wide range of components. It is also
useful for the study of multiphase and other structured fluids.
An example of an emulsion has been reported in ref 37 for the
case of a dairy products. In that application, the measured mean
squared displacement is determined by the bubble size rather
than the molecular diffusion coefficient. This leads to an
effective diffusion coefficient that is independent of relaxation
time.

Finally, it is worthwhile to emphasize that these techniques
are noninvasive and can be performed as ex-situ measure-
ments.38 These NMR measurements can be performed in
inhomogeneous magnetic fields of relatively low field strength.
The required instrumentation for this approach is therefore much
less demanding than for conventional NMR spectroscopy.
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