
ABSTRACT: An NMR technique to measure exchange kinetics
at thermal equilibrium in dispersions of moderately soluble crys-
talline material is presented. By monitoring the exchange of
molecules between pools in solid and dissolved form, one can
characterize the surface specific exchange rate. Illustrative ex-
periments were performed in a model system with β-type crys-
tals of tripalmitin as the solid phase and tripalmitin, a fraction of
it deuterated, dissolved in a medium-chain TG oil as the liquid
phase. The concentration of deuterated tripalmitin in the solvent
was followed by 2H NMR after the crystals, which initially lack
deuterated tripalmitin, were immersed in the liquid. The varia-
tion of the 2H concentration in the solvent provided the surface
specific exchange rate. No systematic errors, due to the slight
difference in properties of the deuterated tripalmitin compared
to hydrogenated tripalmitin, were observed. The methodology
worked well between crystal concentrations of 2 and 4 wt%.
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Molecular or atomic crystallization or dissolution rates are
relatively easy to measure in systems that are out of thermal
equilibrium, e.g., by exhibiting a concentration or a chemical
potential gradient. In contrast, exchange between different
phases of the same molecular species under conditions of
thermal equilibrium has drawn significantly less attention.
This type of exchange can be imagined as molecular diffu-
sion in and out over a phase boundary between two phases in
equilibrium. In a suspension, this exchange is most pro-
nounced at the outermost atomic/molecular layers of the solid
particles involved, although there also may be an exchange
between the inner and outer molecular layers. Hence, diffu-
sion in and out of the solid phase predominantly represents
solidification and dissolution of molecules on/from the
solid–liquid interface, respectively. 

The exchange between solution and solid phase deter-
mines the rate of destabilization in systems with metastable
compound solid phases. One example of such an exchange is
TAG (fat) systems where several metastable and stable struc-
tures may exist, as exemplified by the cacao butter model re-
cently reviewed by Sato et al. (1). Those authors identified

several compound structures whose changing composition al-
lows the formation of more stable forms. Hence, molecular
exchange can strongly influence the kinetics of cacao butter
and, in general, fat recrystallization.

In general, exchange experiments performed at thermal
equilibrium require marking the molecules by particular iso-
topes of the constituting atoms. Thereafter, the marked mole-
cules or atoms can be followed by isotope-selective tech-
niques such as radiochemical methods or NMR spectroscopy.
If, as usual, one can assume that the marker isotope does not
significantly alter the intermolecular interactions, such exper-
iments can yield the exchange rates at thermal equilibrium.
One methodologically related example (but not so concern-
ing the nature of the exchange process) is NMR studies of hy-
drogen exchange rates in proteins (2): These provide vital
clues about protein structure and dynamics. Another example
is the radiochemical investigation of ion exchange between
the aqueous phase and the crystals in mineral suspension (3).

There are fewer examples for application of such tech-
niques to the exchange between spatial domains that contain
different macroscopic forms of the same molecule, such as
exchange between crystals and solute in a saturated disper-
sion. Often, the exchange between dissolved and solid mater-
ial occurs in an interfacial region through which the condi-
tions vary continuously from solid to liquid. Dissolved
components crystallize at the surface of the crystals, parallel
to a process where the crystal surface redissolves into the con-
tinuous phase. These processes lead to recrystallization of the
solid phase and may eventually change its structure or prop-
erties. Therefore, molecular exchange can be related to vari-
ous aging processes in numerous applications.

In the field of lipids, there is to date only one such study
(4) in a system containing TG. With tripalmitin (PPP) radio-
labeled by 14C as the probe, the exchange process between
dissolved 14C-PPP and unlabeled PPP crystals was moni-
tored. However, the radiolabeling method produced some dif-
ficulties and errors due to temperature fluctuations out of the
optimal temperature range. In this paper, we introduce instead
an NMR technique to measure the exchange rates between
liquid and solid phases of dispersed lipids. Owing to its ex-
perimental simplicity and its potential to follow the process
in situ, this NMR technique seems to be superior to the previ-
ous radiolabeling method. NMR spectroscopy (typically 1H)
is frequently used for the determination of total solids content
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in oil mixtures (5–8), and 1H NMR imaging has been applied
to visualize crystallization in lipid dispersion (9–11). Deu-
terium (2H) NMR also has been applied to characterize the
molecular mobility in and the transitions between the α- and
β-crystalline states of PPP (12).

EXPERIMENTAL PROCEDURES

Materials. (i) TG crystals. Pure PPP (>99%; Sigma, St. Louis,
MO) was crystallized from hexane (PA quality) and carefully
vacuum dried. As determined by DSC (DSC 821; Mettler
Toledo), the PPP crystals were in the stable polymorphic form
(β) with a m.p. of 66.4°C, in agreement with previously pub-
lished data (7). The melting enthalpy obtained was 177
kJ/mol, which is slightly higher than the previously published
value by Timms (13) of 171 kJ/mol but in full agreement with
the value by van Miltenburg and ten Grotenhuis (14) of 177
kJ/mol. Light microscopy showed a typical crystal size of
20–60 µm. The surface area A of the crystals was determined
as 2.077 m2/g from krypton gas adsorption experiments using
BET-isotherms.

(ii) Deuterated TG. Per-deuterated PPP (2H-PPP, C51D98O6;
Larodan, Malmö, Sweden) was used as probe. The m.p. and
the enthalpy of fusion of 2H-PPP were determined by DSC as
64.5°C and approximately 179 kJ/mol, respectively. Note that
the enthalpy of fusion obtained is about 2 kJ/mol higher than
that of hydrogenated PPP. Eads et al. (12) observed melting at
66°C even for the fully deuterated PPP and a melting enthalpy
of 172 kJ/mol, values that are comparable to the corresponding
data for the nondeuterated material (see above). Thus, we con-
clude that the two materials are sufficiently similar to assume
complete mixing even in the β-crystalline state.

To prove this latter point, DSC determinations and X-ray
diffraction measurements were performed in samples of mixed
(crystallized from mixed melt) crystals. DSC revealed no ap-
preciable difference in the melting enthalpies of crystals of the
mixed systems. X-ray diffraction showed lattice spacings in-
dependent of the proportion of deuterated material and identi-
cal to spacings obtained in β-form crystals of nondeuterated
PPP. Moreover, we observed no duplication of the diffraction
peaks. Thus, we can conclude that mixed β-polymorphs of hy-
drogenated and deuterated PPP are readily formed.

(iii) TG oil. A medium-chain TG oil (MCT; Karlshamns
AB, Karlshamn, Sweden) was used as solvent for PPP. The
oil contained 96.6% TG, 3.2% DG, <0.1% MG, and <0.1%
FFA. The main FA in the MCT oil were caprylic acid (8:0,
61.8%) and capric acid (10:0, 37.6%).

Methods. (i) Preparation of the saturated solution. A satu-
rated oil solution of PPP in MCT was prepared at the selected
temperature (T = 40°C) by weighing the components together
at the saturation mole fraction estimated from the standard
expression (15),

[1]

where Hm is the enthalpy of fusion for PPP (177.2 kJ/mol), R

is the universal gas constant, and Tm is the m.p. of PPP. PPP
was added to the MCT oil at the concentration calculated
from the estimated mole fraction Xsat = 5.03 × 10−3. The mix-
ture was stirred and warmed to approximately 60°C until a
clear and homogeneous solution was observed. After 10 min,
the solution was cooled to 40°C and held at this temperature
for at least 60 min. This solution was then used as the liquid
phase in the experiments.

The exchange process between solute and solid PPP was
detected via 2H-PPP as probe in the liquid. Since the DSC
analysis showed minor differences in the enthalpy of fusion
and melting temperature between the labeled (2H-PPP) and
unlabeled (1H-PPP) PPP, experiments were performed with
the liquid phases saturated by PPP that contained different
fractions of labeled PPP (10, 25, or 50% 2H-PPP).

(ii) Preparation of the samples. A dispersion of TG crys-
tals in oil was obtained by adding 1.50 mL of the saturated
oil solution (liquid phase) to unlabeled PPP crystals held at
40°C in a 10-mm NMR tube. The dispersion was mixed for
about 10 s using a vortex mixer and transferred quickly
(within 30 s, during which the sample was thermally isolated)
to an NMR instrument (Varian Unity Inova 500 MHz or
Bruker AMX 300 MHz). The temperature in the NMR probe
was preset to 40°C before inserting the sample. By repeated
visual inspection, it was found that spinning samples in the
NMR probe at a 25-Hz spinning rate prevented sedimentation
of the crystals in the dispersion. This phenomenon is similar
to the suppression of thermal convection by sample spinning
(16). Hence, all experiments were performed under such spin-
ning conditions.

(iii) NMR experiments. Nuclear spins are subject to differ-
ent spin interactions, most of them anisotropic (17). Hence,
in solid powders (in contrast to single crystals) the NMR
spectra are usually broad. This is also the case for 2H nuclei
whose dominant spin interaction is the so-called quadrupole
coupling that, for nuclei involved in C–2H bonds of solid or-
ganic material, leads to a line broadening by ~105 Hz (18).
On the other hand, fast and isotropic molecular motions in
liquids lead to an averaging of the anisotropic spin interac-
tions with the result of narrow (typically ~1 Hz) NMR lines.
Hence, the spectral contribution from solids is effectively
cancelled in NMR spectra recorded under “high-resolution”
conditions. On the other hand, the signal from nuclei residing
in liquids is conveniently detected. Indeed, the lack of an
NMR signal from solid 2H-PPP powder was tested to be com-
plete when recorded in high-resolution multinuclear NMR
probes and with the selected 10-kHz spectral width. This
forms the basis of our method where the integral intensity of
the recorded 2H NMR spectra measures the amount of 2H nu-
clei and, hence, 2H-PPP in the liquid phase.

After placing the sample into the NMR probe, 2H spectra
were recorded at regular intervals (every 6 or 13 min). The
signal was typically obtained by averaging 128 scans with a
few seconds or minutes of recycling delay. Note that the lon-
gitudinal relaxation time T1 of 2H in PPP was about 300 ms.
The absolute amount of 2H-PPP could then be obtained by

X H R T Tm msat = −( ) × ( ) − ( )
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comparing the intensity of the signal (IPPP) to that yielded by
a reference sample containing MCT oil with an equal amount
of 1H-PPP in it (Iref). The spectrum recorded in the reference
sample arose from 2H nuclei at natural abundance (0.015%).
For the present experiment, however, it sufficed to record the
relative variation of I(t) = IPPP(t) − Iref with time, counted
from the preparation of the dispersion. Such data for several
of the experiments are presented in Figure 1.

RESULTS AND DISCUSSION

The exchange process for which we are aiming here is as-
sumed to be a molecular exchange at the liquid–solid inter-
face. The exchange rate is followed by adding unlabeled 1H-
PPP crystals to a saturated solution with a known fraction of
2H-PPP in the solution. The exchange reaction is manifested
as a loss of 2H-PPP in the liquid, which is clearly shown by
the decreasing 2H NMR intensity (Fig. 1). Since the NMR

tube is a closed system, all 2H-PPP molecules that leave the
liquid phase must form part of the solid phase.

We apply a simple description of the equilibrium exchange
rate by assuming a constant precipitation/crystallization (k1)
and a constant dissolution (k2) rate. The reaction is assumed
to be surface specific; thus, the rates k1 and k2 can be ex-
pressed as molar or mass units per unit area and time and rep-
resent the diffusive flow in and out over the phase boundary 

[2]

At equilibrium the crystallization of dissolved PPP (both
labeled and unlabeled) onto the added PPP crystals occurs at
the same molecular rate as the dissolution of PPP from the
crystals into the liquid. Hence, the liquid phase remains satu-
rated. The exchange rate, k1 and k2, can be assumed to be con-
stant (as long as the particle size is unaltered). If the loss of
2H-PPP from solution obeys a first-order reaction in the sys-
tem containing a fraction of 2H-PPP dissolved in the liquid
phase, the loss of 2H-PPP, as a result of the exchange process,
should be directly proportional to its concentration. In fact, as
shown in Figure 2, this is the case. Hence, the loss of 2H-PPP
from the solution should be described by a first-order reaction.

In the actual setup, the PPP crystals initially contained
only unlabeled PPP, and because 2H-PPP precipitates slowly
on the surface of the PPP crystals, the rate of redissolution of
2H-PPP back into the liquid is negligible. Therefore, process
k2 initially can be neglected for 2H-PPP, yielding

[3]

solution of which provides

[4]

The actual rate can then be obtained by fitting an exponential
function to the time-dependent experimental intensities. From
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FIG. 1. Normalized 2H spectral intensities (see text) in the first 80 min
of the exchange experiments. The decay rates r obtained by least-square
fitting (fitted decays shown by lines) are presented in Table 1. (A) Data
obtained in experiments with different fractions of the 2H-labeled PPP
in the liquid phase of 1.50 mL MCT oil saturated by PPP: (●) solid line,
10% 2H-PPP in solution with 44.7 mg 1H-PPP crystals added; (▲)
dashed line, 25% 2H-PPP in solution with 41.1 mg 1H-PPP crystals
added; (■) dash-dotted line, 50% 2H-PPP in solution with 42.7 mg 1H-
PPP crystals added). (B) Data obtained in experiments with different
amounts of 1H-PPP crystal immersed in a solution of 1.50 mL MCT oil
saturated by PPP containing 25% 2H-PPP: (●) solid line, 23.3 mg; (▲)
dashed line, 30.9 mg; (■) dash-dotted line, 55.5 mg. MCT, medium-
chain TG; PPP, tripalmitin.

FIG. 2. The absolute exchange rate, r, as a function of the crystal con-
centration. All experiments in Tables 1 and 2 are included. Experiments
using different fractions of deuterium-labeled PPP are indicated: (25%
deuterium labeled ●, 10% labeled ▲, and 50% labeled ■).



the data, some sets of which are presented in Figure 1, the rate
of the decrease of 2H-PPP concentration r was extracted by
least-squares fitting of an exponentially decaying function of
time t, f(t) = I(0)∗ exp(−rt) with zero-time intensity of the 2H
signal I (0) as free parameter (note that the first intensity data
are recorded a few minutes after preparing the dispersion; see
above). The fitting is performed within a rather limited range,
typically within less than 20% reduction of the signal. Hence,
the deviation from linearity is small. The reason for limiting
the time of the experiments is to be able to assume a constant
specific area (small effects due to Ostwald ripening) and to
neglect the dissolution flow k2.

To extract k (= k1) from r, three observations must be
made. First, r (in units of time−1) characterizes the relative
variation of the amount of 2H-PPP in the liquid. Second, al-
though the decrease of the 2H signal intensity measures only
the amount of 2H-PPP crystallized from the liquid onto the
solid, 1H-PPP molecules are also crystallized at the same rate.
Hence, to obtain the specific rate, one must multiply r by the
total initial PPP concentration/unit volume of the liquid.
Third, the specific exchange rate per unit surface k is obtained
by normalizing with the surface area of crystals per unit vol-
ume A. This, in principle, requires that all faces are active in
the exchange process. However, relative comparisons can be
made as long as we operate under conditions where the active
surface fraction can be assumed to be constant. Hence, the
surface specific exchange rate k is obtained as

[5]

with the equilibrium solubility [PPP]liquid = 7.76 mg/mL (cor-
responding to Xsat = 5.03 × 10−3 as estimated in the Methods
section) and the specific area A′ = 2.08 m2/g (see the Materi-
als section).

There are two types of random error, the scatter of the
measured NMR intensities for a particular sample and the
variation between experiments performed on separately pre-
pared samples. The error of r, obtained in a single sample and
reported to one SD, has been extracted from the scatter of the
experimental NMR intensity points around the fitted curve
(19).The stochastic errors of the experimental setup have
been tested by repeated experiments with approximately 30
mg/mL added PPP crystals. The results, given in Table 1,
show the scatter in the exchange rates obtained. The SD be-
tween the experiments is 0.36, which is somewhat below the
error of individual r estimates (see above). Thus, we may con-
clude that the between-experiment variation does not con-
tribute significantly to the errors and that the error estimation
from the slope gives a fair description of the uncertainty of
the method.

We have postulated that the exchange rate is a surface-
determined reaction. Therefore, the amount of crystals in the
samples was varied with the objective of verifying the method
and the theory. The results are shown in Table 2. In Figure 2
the absolute exchange rate, r, is given as a function of the
amount of added crystal, showing an acceptable linear corre-

lation (correlation factor 0.87). Thus, it is clear that the re-
sults agree with a surface-determined reaction. However, it is
also clear that the specific exchange rates obtained at high
(above 35 mg/mL) and low (below 20 mg/mL) crystal con-
centrations are significantly different from the rates obtained
at intermediate concentrations. This might be a consequence
of (i) a stronger tendency toward sedimentation at lower crys-
tal concentrations, and (ii) difficulty in wetting all crystals at
higher crystal concentrations, both of which may result in an
inhomogeneous system with poor equilibration. Thus, accept-
able limits of the validity of the experimental method are
obtained.

The random error due to scattering of the data points in-
creases when the amount of added crystals is less than about
20 mg/mL; this is partly a consequence of the smaller relative
variation of the signal intensity. Nevertheless, the specific ex-
change rates obtained at different PPP crystal contents in the
dispersions (an almost threefold variation of 15–40 mg PPP
crystals per mL) are reasonably close (within a range of
±30%) to each other. As seen in Table 2 and Figure 2, the spe-
cific exchange rates obtained with different mole fractions
(10, 25, and 50%) of 2H-PPP in the liquid phase do not sig-
nificantly differ. This proves that the minor differences (see
above) in molecular properties between labeled and unlabeled
PPP do not affect the results. 

To prove this point further, we also performed an experi-
ment in a reverse setup where fully deuterated PPP crystals
(ca. 30 mg/mL, instead of hydrogenated PPP) were immersed
into the saturated (with 25% 2H-PPP and 75% 1H-PPP) liq-
uid phase. From the subsequent increase of the 2H NMR sig-
nal, k was estimated to 11.1 ± 0.6 mg/h·m2.

Some molecular features are important regarding the na-
ture of the exchange process. Recall that our objective was to
characterize the precipitation–dissolution equilibrium be-
tween the crystals and the surrounding liquid and the gradual
inclusion of previously dissolved material into the crystals.
An alternative explanation of the experimental observations
is the formation of an adsorbed layer of PPP at the surface of
the added crystals; hence, the data would characterize adsorp-

k r
P

A
= ⋅

[ ]PP liquid
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TABLE 1
Exchange Rate, r, for 25% Fraction of 2H-PPP in the Liquid Phase 
and with Added Crystals in the Vicinity of 27 mg/mLa

Mass of added Specific exchange
1H-PPP crystals, r τ A rate k

M (mg/mL) (102/h) (h) (102/m) [mg/(h·m2)]

27.4 8.2 ± 0.4 8.4 ± 0.4 570 11.2 ± 0.6
26.6 7.9 ± 0.4 8.8 ± 0.5 553 11.1 ± 0.6
28.1 8.6 ± 0.7 8.1 ± 0.7 584 11.4 ± 0.9
27.9 7.8 ± 0.4 8.9 ± 0.5 580 10.4 ± 0.6

SDb 0.36
aThe error of r, given to one SD, has been obtained from the scatter of the
experimental points around the fitted curve as described in the text. The half-
life time τ is calculated as τ = ln2/r. The specific exchange rate k has been
obtained from r and A via Equation 5.
bThis SD reflects the between-experiment variation of r obtained in sepa-
rately prepared samples. Abbreviation: A, surface area of crystals per unit
volume.



tion kinetics. However, this possibility can be excluded for
two reasons. (i) PPP cannot be expected to display large sur-
face activity in a TG solution (such as the MCT oil). Mea-
surements by Johansson and Bergenståhl (20) of adsorption
of acylglycerols at TG crystals dispersed in a liquid TG show
that such adsorption is weak and results in thin layers. (ii) The
exchange process proceeds without a change in kinetics over
time, allowing for an exchange of more material than in a
monolayer. Furthermore, the same k value was obtained in the
reverse setup (see above), which is not at all sensitive to any
eventual adsorption.

The sample with crystal content of 27 mg/mL corresponds
to a specific surface of 0.05 m2/mL. The amount of dissolved
PPP is about 8 mg/mL. A monolayer of PPP at the surface
corresponds to 3 mg/m2, giving 0.15 mg/mL, which is about
2% of dissolved PPP. The experiments proceeded until about
10% of the 2H-PPP had been lost from the solution (0.8
mg/mL), which means that 4% of the 1H-PPP originally in the
crystal was replaced with 2H-PPP and 1H-PPP from the liq-
uid. This 0.8 mg/mL corresponds to 15 mg/m2 crystal, which
is approximately three to four molecular layers of PPP. The
observation that the exchange process continues with first-
order kinetics over a time scale corresponding to more than a
fraction of a monolayer suggests that the process originates
from precipitating and dissolving faces of the crystals.

The precipitation–dissolution equilibrium between the
crystals and the surrounding liquid may alter the size distri-
bution of the crystals in the sample via Ostwald ripening
(21,22). If this process proceeded longer, we could expect a
loss of area due to the growth of larger and shrinkage of
smaller particles. However, in the short experimental time
scale used here, the changes in the total interfacial area can
be neglected.

The diffusion of dissolved PPP (D > 10−11 m2/s) over the

length scale of 100 µm (average liquid domain size) leads to
an average diffusion time in the order of td < 103 s << τ, the
half-life time (see Tables 1 and 2). Hence, the observed ex-
change is not limited by bulk diffusion (22) but entirely by
surface mechanisms.

The NMR procedure presented here allows a direct in situ
measurement of the exchange between solid and liquid phases
and thereby provides a new source of information about crys-
tal–solvent interfaces. The method does not demand any sep-
aration step, unlike the previously published method (4)
based on 14C-labeled material. A separation procedure suf-
fers from serious limitations that are due to the difficulties of
maintaining constant conditions. We note particularly that the
solid–liquid equilibrium is extremely sensitive to variations
in temperature.

Attention must be called to two specific limitations of the
NMR method. First, at low saturation levels where the signal
intensity from the deuterated probe is comparable to the nat-
ural 2H background signal, the experiment cannot provide ac-
curate exchange rates because the NMR signal does not mea-
sure the probe concentration well. In the present system this
limits from below the temperature range over which the PPP
exchange rates can be measured. Second, at high saturation
levels the fractional change of probe concentration due to ex-
change is small because the absolute number of dissolved
PPP molecules is high. This effect limits the accessible tem-
perature range from above. We estimate that, in the present
dispersion, NMR cannot provide accurate exchange rates out
of the 25–50°C ranges for PPP in oil.

All similar exchange experiments performed in disper-
sions face another problem: dissolution and precipitation may
vary from one crystal plane to another. Hence, some surfaces
of a grain may grow more while others may shrink. The
method presented here does not address such variation.
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TABLE 2
Exchange Rate, r, for Different Fractions of 2H-PPP in the Liquid Phase 
and with Different Amounts of Added Crystala

Fraction Mass of added
of 2H-PPP 1H-PPP Specific
in MCT crystals, Mb r τ Ab exchange rate k

(%) (mg/mL) (102/h) (h) (102/m) [mg/(h·m2)]

25 15.5 3.5 ± 0.5 19.8 ± 2.8 323 8.4 ± 1.2
25 20.6 6.2 ± 0.3 11.2 ± 0.5 427 11.3 ± 0.6
25 27.5 11.0 ± 0.4c

25 33.1 8.8 ± 0.5 7.9 ± 0.6 689 9.9 ± 0.6
25 37.0 8.6 ± 0.6 8.1 ± 0.6 768 8.7 ± 0.6
25 41.1 9.4 ± 0.8 7.4 ± 0.6 853 8.6 ± 0.7
10 24.6 5.9 ± 0.4 11.8 ± 0.8 511 9.0 ± 0.6
10 29.8 7.5 ± 0.4 9.2 ± 0.5 619 9.4 ± 0.5
50 28.5 6.9 ± 1.0 10.0 ± 1.5 591 9.1 ± 1.3

aValues derived from the data, some sets of which are presented in Figure 1. The error of r, given to
one SD, has been obtained from the scatter of the experimental points around the fitted curve as de-
scribed in the text. The half-life time τ is calculated as τ = ln2/r. The specific exchange rate k has
been obtained from r and A via Equation 5.
bThe error of these quantities is small compared to the error in r.
cThe average of results presented in Table 1, with the error limit representing the total estimated error
originating from both the systematic spread (Table 1) and the random scatter (19). MCT, medium-
chain TG; for other abbreviation see Table 1.
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