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ABSTRACT

Phase change materials (PCMs) are useful for energy storage. Large latent heats make n-alkane waxes effective PCMs. Octadecane
and eicosane were studied as both unencapsulated and microencapsulated with NMR relaxometry and diffusometry throughout
melting. Each wax was stepped degree-wise through its melting point. At each temperature point, NMR T, relaxation, T; — T, cor-
related relaxation, and PGStE measurements as a function of molecular migration time A were acquired. These measurements
detected molecular-level disordering due to microencapsulation. NMR relaxometry measurements on the solid waxes measured
a major intermediate mobility domain in the microencapsulated waxes. This pseudo interface domain in the solid microencap-
sulated waxes is consistent with the disruption of long-range order, increasing heterogeneity and extending the melting point
range. NMR diffusometry measured diffusion coefficients D in the unencapsulated wax melts, matching values established in
the literature. D as a function of 1/T was fit for Arrhenius activation energies E, as a function of A for each stage of melting. D
values are reported for each solid wax sample, which are not measurements of only molecular diffusion but are consistent with
magnetization transport via spin diffusion.

1 | Introduction and Background

Phase change materials (PCMs) are useful for thermal energy
storage [1-3]. With large latent heats, n-alkane waxes are effec-
tive PCMs [2]. Below the melting point, these waxes are solid. At
temperatures above the melting point, these waxes melt, absorb-
ing surrounding thermal energy [2]. When melted waxes freeze,
they release energy to their surroundings [2]. These waxes are
often encased in micron-scale acrylic shells [1, 2]. The shell seals
in liquid wax for reusability and can protect the wax from envi-
ronmental contamination [2]. Some specific applications include
heat regulation in automotive engines [2]. and batteries [3], cap-
turing solar energy for cooking [4]. and improving thermal effi-
ciency of buildings [2, 5].

The thermal properties of n-alkane waxes are well studied [6-8],
and NMR relaxometry has long been used to measure molecu-
lar dynamics in alkane phase transitions [9, 10]. The impact of
microencapsulation has been studied with differential scanning
calorimetry (DSC) [1, 11], but further understanding of the im-
pact of microencapsulation on melting can improve design as
PCMs. Changes in phase transition properties with molecular
restriction due to the curvature in pores, the Gibbs-Thomson
effect, are well-established for liquid-solid phase transitions
[12]. Nuclear magnetic resonance (NMR) techniques based on
cryoporometry have been developed using the unfrozen liquid
signal to characterize pore size [13-15]. Recently, microencapsu-
lated alkanes have been used as sensors to observe heat transfer
in a PCM packed bed [16], T, relaxation has been correlated to
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temperature in melting microencapsulated eicosane PCMs [17],
and liquid alkane mixtures have been observed to exhibit differ-
ent diffusion behaviors based on confinement [18]. These works
demonstrate the utility in studying PCMs noninvasively using
NMR as a complement to DSC studies.

To measure the impact of microencapsulation induced restriction
on molecular motion in melting, temperature-controlled NMR re-
laxometry and diffusometry are used to quantify rotational and
translational dynamics of unencapsulated and microencapsulated
n-alkanes, n = 18 octadecane and n = 20 eicosane. The impact of
microencapsulation on structural rearrangements, such as solid—
solid (premelt) rotator phase transitions during melting, is eluci-
dated. The data contribute unique molecular-scale insight into
DSC observations of the melting behavior of unencapsulated and
microencapsulated alkane wax PCMs.

2 | Theory
2.1 | NMR Relaxometry

T, and T, relaxation processes induce NMR signal attenuation.
In NMR, the magnetic moments of 1H atoms within a sample
align with an applied magnetic field B,. The net macroscopic
magnetization M of an ensemble of atoms aligns with and
precesses around By at the Larmor frequency @y = yB,, where
y is the 1H gyromagnetic ratio. Radio frequency (RF) pulses
at w, excite spin energy level transitions that rotate M out of
alignment with By. The spin system dissipates this excess en-
ergy to its surroundings, returning M to thermal equilibrium,
in a process termed 1 relaxation. The RF pulse synchronizes
the precession frequency of 1H atoms in a coherence induced
detectable transverse magnetization, which decays by dipole-
induced local magnetic field fluctuations dephasing the spin
precession by T, relaxation.

T, and T, relaxation reflect molecular dynamics of a system. Their
rates depend on molecular rotational correlation times z,, which
mediate dipolar interactions, and wj [19, 20]. The Bloembergen—
Purcell-Pound theory of relaxation [21, 22]. provides a relation
between T, and T, with atomic properties making up the second
moment or variance of the frequency distribution M, [23, 24], w,,
and 7, [19, 20, 25].
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Field cycling NMR applications probe changes to T, as a func-
tion of w, to measure alkane molecular dynamics [10, 26-29].
Alkanes have evolving z, during phase transitions, impacting
T, and T, [9, 10]. A solid alkane wax is a rotationally restricted
semicrystalline lattice with long r,, the motionally broadened
NMR relaxation regime [10]. in which T; is the order of 1 sand T,
is of order 10~ *s. Alkanes undergo solid—solid rotator transitions
in the intermediate NMR relaxation regime near the onset of

melting, with enhanced rotational mobility shortening z.. Here
T, minimizes and T, slows as the ordered crystal lattice becomes
more disordered [6, 7]. While the models of Equations (1) and
(2) are too simple to capture the complex molecular dynamics in
alkanes, which include collective translational and uncorrelated
rotational motions oriented along various axes of the crystal do-
main and crystal interfacial structure near the melting point, it
provides connection to the average molecular motion correla-
tion time [30]. Liquid state melted alkanes are most mobile with
short 7, causing T} and T, convergence at the order of seconds,
the motionally narrowed NMR relaxation regime [19, 20].

2.2 | NMR Diffusometry

Pulsed gradient spin echo (PGSE) NMR measures molecular self-
diffusion in homogeneous liquids [20, 31]. The pulse sequence RF
and magnetic gradient field pulses encode displacement of mole-
cules containing 1H species, with a gradient pair separated by a
displacement time A [31]. PGSE measures an effective diffusion
coefficient D in saturated porous media [20, 32]. Repeated mea-
surements over a range of A times reveal the system's diffusive
behavior D(A) [20, 32-34]. Comparison with bulk fluid diffusion
dynamics measures pore size and tortuosity « in two time-limiting
regimes [33]. In the limit t — oo, D(£) = (z?(t)) /2t approaches 0
for isolated pores and D/« for interconnected pores [34], where
D, is the coefficient of free molecular self-diffusion of the liquid. A
functional form for fitting is

D, E 4

D(p) = ? + . + (DUI)VZ

+... (©)]

where g and y are geometric factors [34]. In the short-time limit,
t — 0 and D(t) approaches D, D(t) near this limit deviates from
D, due to molecules interacting with pore walls [34].

4 S 1/2
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where S/V is the surface to volume ratio, the reciprocal of the
effective pore size, of the encapsulating pore.

Pulsed gradient stimulated echo (PGStE) can be advantageous
over PGSE when T, is short and T is long [20, 35]. PGSE stores
magnetization in the transverse plane during A, resulting in 1,
relaxation limits on displacement time A. PGStE NMR stores
magnetization longitudinally during A, where 1) controls sig-
nal relaxation, a useful capability for solid-like materials, large
molecule liquids or viscous fluids [20, 35]. where T, >> T,. PGStE
NMR measures total molecular motion within liquid systems
including coherent displacements over A due to velocity, while
double PGStE (DPGStE) refocuses phase shifts due to coherent
displacements to measure pure molecular self-diffusion [36, 37].
The echo attenuation from a PGStE experiment is due to total mo-
tion in the system [20]. E(g) = exp(iy8g - vA — y*g262D(A — 6/3)),
where E(g) = S(g, t)/5(0, t) is echo amplitude, é is gradient pulse
length and g is gradient amplitude. The iyég - vA term is the
mean phase shift due to velocity induced coherent motion. The
r*g262D(A — §/3) term represents the variance or second cu-
mulant magnetization phase fluctuations caused by stochastic
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motion during time A [20]. DPGStE NMR combines back-to-
back PGStE sequences, which refocuses constant bulk motion,
producing an echo signal dependent only on random diffusive
motions in the echo attenuation F(g) = exp( — y2g262D(A — 6/3)).
The use of a stimulated echo in solid-like systems, such as soft
waxes and polymer melts, introduces signal attenuation due to
longitudinal magnetization spin diffusion during storage period
which is proportional to A [38]. This signal attenuation due to
exchange of 1H magnetization between domains of differing
dipolar coupling, for example, strong dipolar coupled short T,
crystalline and weaker dipolar coupled longer T, amorphous do-
mains, results in a larger measured D(A) than in the absence of
spin diffusion.

3 | Materials

Microencapsulated octadecane and eicosane from Microtek
(Westminster, CO, USA) were studied. These are ~ 3 mm beads
filled with 10- to 20-um diameter particles containing octadecane

C,3H;; or eicosane CyyHy,. Reference 99 % pure octadecane wax
(Lot MKCM5285), with melting point range 299.15-302.15 K,
and eicosane wax (Lot MKBJ7060V), with melting point range
308.15-310.15K, were acquired from Sigma Aldrich (St. Louis,
MO, USA).

4 | Methods
4.1 | Experimental Setup

Each sample was loaded into a 5 -mm NMR tube and inserted
into a 250-MHz Bruker (Billerica, MA, USA) superconducting
magnet paired to a Bruker Avance III spectrometer and custom
5-mm high-power RF probe with diff30 gradient coil. Each sam-
ple was temperature-controlled using the Bruker VTU to step
through a temperature range in increments of 1 K. At each fixed
temperature step, the sample equilibrated for 30 min, a proto-
col established by observing FIDs over time at a range of tem-
peratures, before relaxometry and diffusometry scans were run.
Unencapsulated octadecane was measured each degree from
293 to 308 K and microencapsulated octadecane from 288 to
308 K. Unencapsulated and microencapsulated eicosane were
measured each degree from 293 to 313 K.

4.2 | Relaxation Data Acquisition and Analysis

T, relaxation measurements were made with a Carr-Purcell
Meiboom-Gill (CPMG) pulse sequence [39, 40]. with 60,000
echoes spaced 24 ps apart (r = 12 ps), 1-ps dwell time for a 0.5-
MHz sweep width, 30-s interexperiment delay, and 32 aver-
ages. RF pulses were 100W and applied for 3.24-3.41 ps for
90° pulses and 6.48-6.82 ps for 180° pulses, dependent on the
sample.

T, — T, correlation measurements were made on all samples
with a combined inversion recovery and CPMG pulse sequence
[20,27, 41]. The inversion recovery component was acquired over
32 pseudo log spaced steps between 0.001 and 50 s. The CPMG
component was set up identically to the 1D T, measurements.

NMR T, and T, - T, voltage signals were processed by a
MATLAB (Natick, MA, USA) based Tikhonov-regularized non-
negative least squares fit to a Fredholm integral of the first kind
[41-43], often referred to in NMR literature as an inverse Laplace
transform or ILT [44]. The ILT fits a probability distribution of
relaxation rates with the integral of total probability normalized
to unity. A regularization smoothing parameter was selected to
minimize the residual without overfitting and generating pear-
ling artifacts. Each signal decay was analyzed with this value
to reduce smoothing bias. P(T,) distributions (Figure 2) and a
subset of T; — T, correlation distributions (Figure 3) are shown.

To further analyze T, — T, correlation distributions, T; /T, ra-
tios were calculated and plotted for all populations at each tem-
perature (Figure 4). Prior to integration, 1 — 1', populations
were identified by cluster analysis using a MATLAB-based
Gaussian mixture model fit, fitgmdist, [45, 46] with full un-
shared covariance matrices, a regularization value of 1x 1010
and 5x10* maximum iterations. For reproducibility, model
initial conditions were provided by assigning each point to its
nearest maximum. The total number of local maxima provided
the number of clusters k. Probability weighted average T, and T,
was calculated for each cluster with T, = Y, P'T', where T, is
averaged T, or T,, N is the size of each cluster, P is the proba-
bility for each point, and T is T, or T, for each point. Averaged
T,/T, were used to categorize populations based on mobility
with outliers (T; /T, < 1x10~! and 1x 107 < T, /T;), restricted
(5%10? < T, /T, < 1 107 intermediate(1 x 10' < T; /T, < 5x 107,
and mobile (1 x 10~! < T, /T, < 1x 10%). Figure 4 tracks popula-
tions of restricted mobility in blue, intermediate mobility in red
and high mobility in yellow during melting of each material.

4.3 | Diffusometry Data Acquisition and Analysis

PGStE measurements were made with a spoiler recovery delay
of 5 s, 64 linearly ramped g steps to a maximum of 5-10 T/m,
2 ms 8, and 16 averages. Echoes were acquired with dwell
times of 1 or 2 ps over 4096 or 8192 points, producing sweep
widths between 0.25— 0.5 MHz. Measurements were repeated
at displacement observation times A = 10, 50, 75, 100, 400, and
1000 ms. RF pulses were 100W for between 3.24 and 3.41 ps for
90° and 6.48-6.82 ps for 1807, depending on the sample.

The unencapsulated waxes were measured with DPGStE NMR
because they exhibited convective PGStE behavior, while the
microencapsulated waxes did not indicate convection over
the measured temperature range. The extra pulses used in the
DPGStE sequence lengthened the minimum A time to~ 12. 5 ms.
Therefore, these scans were set up with identical parameters to
PGStE experiments except the shortest A time measured was
13 ms rather than 10 ms.

Monoexponential fits to NMR diffusometry echo decays esti-
mate diffusion coefficients D [20, 31]. D values from PGStE and
DPGStE experiments on unencapsulated waxes and PGStE on
microencapsulated waxes provide comparisons between sam-
ples across melting (Figure 5). Each temperature set of D values
was fit with Equation (4) to estimate S/V. Fits of D versus 1/T
also provide an estimate of the activation energy barrier for dif-
fusion E,, following [7, 47].
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5 | Results and Discussion
5.1 | NMR Relaxometry

It is well-established by XRD data that n-alkanes form lamel-
lar structures of triclinic crystal domains which undergo rota-
tor and defect transitions with changes in temperature near the
melting point [48, 49]. In Figure 1 a cartoon of typical structures
is shown, including regions of interfacial methylene — CH, —
groups which have greater mobility than central — CH, — groups
as demonstrated in molecular dynamics simulations where this
interface extends two — CH, — groups from the highly mobile
methyl — CH; end groups [30]. Thus, in the discussion below, the

(2) (b)

1, populations do not directly correlate to the number of— CH, —
and — CH, groups on a molecule.

NMR T, relaxation distributions in Figure 2 compare un-
encapsulated octadecane (a) and eicosane (c) with microen-
capsulated octadecane (b) and eicosane (d), across the solid
to liquid melting transition. At 293 K, unencapsulated octa-
decane (Figures 2a and Sla and Table S1) has a low mobil-
ity and high mobility 1H spin population at 0.309 and 432 ms,
accounting for 49.6% and 46.4% of the signal. These popula-
tions correspond roughly to methylene (— CH, —) and methyl
(- CHy) 1H spins, respectively, with the rotational mobility of
CH; chain end groups having greater averaging out of dipolar
coupling. Two small populations at 7.68 and 51.0 ms, account-
ing for 1.0% and 3. 0% of the signal indicate restricted mobility
relative to the most mobile CH, groups at 432 ms. At 298 K, just
below the melting point range of 301 to 303 K, the least mobile

=— e p———

_ﬁﬁm'

E= N
= = ==

FIGURE1 | Cartoon depicting the different 1H populations in (a) unencapsulated bulk in a crystalline phase, (b) unencapsulated bulk in a rotator
phase, and (c) microencapsulated n-alkane waxes. The highly rotationally mobile — CH; end groups are yellow, the pseudo interfaces of — CH, —are
red, and the restricted crystalline ordered lattice atoms are blue. Domains of oriented crystals exhibit greater long-range order when unencapsulat-
ed. The steric hindrance of the microencapsulated wax prevents it from forming solid lattice crystalline domains, leading to larger yellow and red
populations.
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FIGURE2 | NMRT,distributions of unencapsulated and microencapsulated waxes across the measured temperature ranges. Panels show change
in T, relaxation with melting for (a) unencapsulated octadecane, (b) microencapsulated octadecane, (c) unencapsulated eicosane, and (d) microen-
capsulated eicosane. The colors guide the eye through relative temperatures. The solid unencapsulated waxes (a) and (c) have one restricted and one
mobile population. The melted unencapsulated waxes have a single mobile population. Microencapsulated waxes replicate this behavior with an
intermediate population that has a T, that varies strongly with temperature in (b) but not in (d).

486 Magnetic Resonance in Chemistry, 2026

1 °s "OT0C “EXS L0

SUOTIPACD) P SUUS], ) 305 ToT0C/90/80] ue L1 supuey Sy ‘A AIEDAN 318 S RIRuop A LEO0L 20001 (1

Ropm

SIIMIE V() D J0 ST K] ATE]IT SUTUC) AD[IA U (S0

26001 FUDRLD ) DAIED L)



population T, increases to 1. 02 ms but decreases to 5. 3% of the
total signal, while the most mobile increases to 91.5% of the
signal with a T, increase to 555 ms. The small intermediate
populations merge at 48. 8 ms, accounting for 3.2% of the sig-
nal. At 300 K, the low mobility population has disappeared,
and the high mobility population continues increasing to
633 ms and accounts for 99. 2% of the signal. The intermediate
mobility population at 17.0 ms accounts for 0. 8 % of the signal
at 300 K. In the full liquid phase at 308 K only the most mobile
population remains at T, = 734 ms.

At 288 K, below the melting point range in the solid, microen-
capsulated octadecane (Figures 2b and S1b and Table S1) also
has a low mobility and high mobility population at 0.736 and
297 ms, accounting for 14.8% and 47. 5% of the signal, and two
intermediate mobility populations at 6.71 and 48. 8 ms account-
ing for 5.8% and 33.2% of the signal. The shortest relaxation
time at 0. 736 ms is over twice the unencapsulated system’s, in-
dicating a decrease in CH, group ordering due to encapsulation,
while the longest time decreases from unencapsulated to micro-
encapsulated due to more restricted mobility. The presence of
intermediate relaxation times reflects more interfaces between
the less ordered crystalline domains. By 290 K, the intermediate
mobility populations have merged giving a sole peak at 42. 1 ms,
making up 45. 3% of the signal. Here the low mobility population
at 0. 884 ms makes up 12. 2% of the signal, while the high mobil-
ity population at 306 ms has decreased to account for 43.4% of
the signal. At 293 K, the least mobile population T, increases to
1.40 ms and makes up 7. 9% of the signal, while the most mobile
population decreases to 34.5% of the signal with a 1’, increase
to 315 ms. The intermediate population continues to grow mak-
ing up 58.4% of the signal at 38.9 ms. At 298 K, the least mo-
bile population T, increases to 4. 53 ms and makes up only 2.5%
of the signal. The most mobile population decreases further to
18.1% of the signal with continued T, increase to 387 ms. The
intermediate population now makes up 79. 9% of the signal and
has increased in T, to 53. 0 ms. This response demonstrates the
increased complexity of the molecular rotational dynamics in
the encapsulated alkane. At 300 K, the low mobility population
at 7.79 ms accounts for 1. 8% of the signal and the high mobility
population has merged with the intermediate mobility popula-
tion at140. ms which accounts for 98. 2% of the signal. At308 K,
both of these populations persist at 41.6 and 424 ms, accounting
for 2.2% and 97. 8% of the signal originating from wall restricted
mobility and bulk liquid restricted mobility populations.

Unencapsulated eicosane at 293 K (Figures 2 and Slc and
Table S1) has a low mobility and high mobility population at
0.307 and 338 ms, accounting for 49.0% and 47. 7% of the signal
and two small populations at 8.23 and 38.3 ms accounting for
0.6 and 2. 6 % of the signal. The primary peaks in the solid phase
again reflect the — CH, — protons in the ordered crystalline do-
mains and the most mobile — CH; protons, with the — CH, —
relaxation time nearly identical to the solid unencapsulated
octadecane and the most mobile relaxation time reduced sig-
nificantly from the smaller chain alkane. At 300 K, the low and
high mobility populations are at 0.368 and 376 ms and account
for 34.7% and 61.7% of the signal. The intermediate mobility
populations at 7.67 and 42. 6 ms make up 0.4% and 3.3 % of the
signal. At 304 K, the low and high mobility populations at 0.634
and 369 ms and make up 12.7% and 93.1% of the signal. The

intermediate populations have merged by 304 K at 36.4 ms and
account for 4. 2% of the signal. At 307 K, the low mobility popu-
lation disappears and the remaining intermediate and high mo-
bility populations at 51.4 and 551 ms make up 3.2% and 96.8%
of the signal. In the initial liquefaction at 308 K, the beginning
of the melting range, the intermediate mobility population also
disappears, leaving a sole highly mobile population of a pore lig-
uid at 655 ms which continues to increase in T, to 720. ms by
313 K due to the increase in rotational diffusion with T.

Microencapsulated eicosane at 293 K (Figures 2d and S1d and
Table S1) has a low mobility and high mobility population at
0.362 and 304 ms, accounting for 44.9% and 36. 1 % of the signal,
and two smaller populations at 7.74 and 47. 7 ms accounting for
5.2% and 14.5% of the signal. As in octadecane, eicosane mi-
croencapsulation does not impact the mobility of the most or-
dered crystalline region spins but does generate stronger dipolar
coupling due to lower rotational mobility of the most mobile
spins; with negligible change of the smallest T, and significant
decrease of the longest T,. At 300 K, the low and high mobility
populations increase in T, to 0.438 and 351 ms and account for
32.9% and 31.4 % of the signal. The intermediate mobility pop-
ulations merged by 299 K and here at 300 K make up 36.2% of
the signal at 44. 2 ms. At 304 K the low, intermediate, and high
mobility populations at 0.584, 45.2, and 383 ms make up 20.7%,
52.8%, and 27.0% of the signal. Just below the melting point
range (308-310 K) of eicosane, at 307 K, the low, intermedi-
ate, and high mobility peaks at 1.18, 53.7, and 431 ms make up
8.84%, 67.6%, and 24. 1 % of the signal suggestive of a rotator-like
phase. At 312 K, the low mobility population disappears, leav-
ing the intermediate and high mobility populations at 64.0 and
576 ms, which make up 11.4% and 88.6% of the signal, repre-
senting the breakdown in molecular ordering of noncrystalline
domains. The intermediate mobility population shrinks and
shifts to shorter T, of 51.1 ms at 313 K and makes up 5.62% of
the signal, while the highly mobile population at 313 K increases
to 603 ms T, and makes up 94.4% of the signal. This behavior
again reflects particle surface interactions between the alkane-
core and the shell and demonstrates general restriction relative
to the unencapsulated wax.

To summarize, NMR T, relaxation distributions in Figure 2
compare unencapsulated (a) octadecane and (c) eicosane with
microencapsulated (b) octadecane and (d) eicosane across melt-
ing. Prior to melting, the unencapsulated waxes have one popu-
lation below 1 ms T, and another above 100 ms. The short T, peak
represents 1H along the alkane backbone in crystalline ordered
domains, the intermediate peaks the more mobile protons in the
interfacial domain — CH, — groups and the long 1', peak corre-
sponds to the rotationally mobile — CH; end groups (Figure 1).
The magnetization in these distinct dipolar coupled domains
undergoes exchange resulting in complex multiexponential sig-
nal decay [50]. Heating to the melting point breaks down the
crystalline structure, seen through the restricted motion popu-
lation shifting to longer T,. To this point, the mobile population
remains steady. Above the melting point, the restricted peak
decays away. As alkane chains are liberated from the lattice,
the restricted peak shrinks while the mobile peak grows propor-
tionally. Increasing disorder of the alkane chains allows interior
and terminal 1H atoms to rotate more rapidly, shortening r, and
increasing T, (Equation (2)). Further heating beyond melting
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causes the mobile peak to display liquid-like mobility, as T, ap-
proaches 1 s. This single population also narrows as r, decreases
across the system, characteristic of liquids and low molecular
weight polymer melts.

The melting encapsulated wax trends parallel the unencapsu-
lated waxes with an additional peak between 10 and 100 ms,
representing a pseudo interface of 1H atoms on — CH, — groups
near the rotationally mobile — CH; end groups, with interme-
diate mobility. This is due to more disorder in microdomains.
Microencapsulation sterically hinders the formation of large
continuous crystalline domains, resulting in a substantial
population of more mobile — CH, — spins and diminished re-
stricted lattice peak. Unlike the unencapsulated waxes, the
lattice population does not decay away during melting. As the
lattice weakens, mobility of this population increases to that
of the pseudo interfaces. For microencapsulated octadecane,
the — CH, — pseudo interface peak grows and merges with the
— CH,; end group peak. The pseudo interface for microencap-
sulated eicosane never reaches the mobility of the free ends, as
these populations remain separate. Microencapsulation limits
the liquid like mobility of the melted waxes, with an enhanced
effect on longer chains [18]. Overall, the microencapsulated
waxes melt over a broader range than when unencapsulated.
Microencapsulation favors intermediate mobilities expanding
the melting point range.

T, — T, distributions (Figure 3) reflect the favorability of in-
termediate mobilities by microencapsulation. The — CH, — al-
kane backbone in the ordered crystal lattice is at I, < 1 ms and
1,>1s and the rotationally mobile — CH, end groups are at
15> 100 ms and 1; < 1s for the unencapsulated waxes. Even in
the solid phase, the — CH; end groups are liquid-like with similar
T, and T,. Only the highly mobile population exists in the unen-
capsulated wax melt. The solid microencapsulated waxes have
the same pseudo interface population as in the T, distributions.
The alkane backbone disappears in the microencapsulated wax
melts, while the pseudo interface peak grows indicating the
breakdown of the crystalline domains faster than when unen-
capsulated, due to less long-range multidomain ordering. Above
the melting point, the pseudo interface peak disappears, leav-
ing a lone mobile peak at T, = 480 ms and T; = 800 ms, which is
shorter T, than the 800 ms for the unencapsulated waxes. This
result again demonstrates the propensity for more complex in-
termediate molecular mobilities throughout melting in micro-
encapsulated alkanes.

Averaged T, /T, provides another analysis of how microencap-
sulation limits high and low mobility populations (Figure 4). In
the solid unencapsulated waxes, T; /T, of the highly restricted
— CH, - lattice population (blue) is about 103, while the high mo-
bility — CH; end groups (yellow) have a liquid-like T} /T, of ~ 1.
Eicosane shows the emergence of a highly mobile pseudo inter-
face prior to melting. In the liquid state wax melts, all 1H spins
exhibit liquid-like T, /T, ~ 1 behavior. The red pseudo interface
in the microencapsulated waxes has T, / T, of ~ 10still indicating
more amorphous, less ordered, solid-like behavior. Prior to the
melting point, the crystal lattice domain population increases
mobility with decreasing molecular order increasing the pro-
portion of amorphous — CH; — pseudo interfaces, which remain
until above the melting point range. Emergence and persistence

of a region of — CH, — spins in a less ordered pseudo interface
indicates that microencapsulation decreases long-range crystal-
line microdomain ordering in solid and melted alkanes, broad-
ening the melting point range.

5.2 | NMR Diffusometry

Diffusion coefficients D(A)/D, plotted in Figure 5a show that
unencapsulated wax in the liquid phase, at 2 K above the un-
encapsulated wax melting point, have a slight A displacement
time dependence with D ~ 2x 1071% m?/s, consistent with val-
ues reported in Von Meerwall et al. [47]. In contrast, the micro-
encapsulated liquid wax shows a classic decrease in D(A)/D,
with increasing A due to the restricted diffusion in the core shell
particle [33, 34, 51]. Fits using Equation (4) give a particle size
V/S ~ 3.4 pm for microencapsulated eicosane and 3.1 pm for
microencapsulated octadecane, which for spherical pores scales
as r=3V/S resulting in 10.1 pm for the eicosane and 9.4 pm
for the octadecane. These values are in good agreement with
the high end of the 5- to 10-pm manufacturer specified parti-
cle radius. At 3 K below each respective unencapsulated wax's
melting point (Figure 5b), the microencapsulated waxes again
show the classical D(A)/D, decrease of a liquid with a transition
from the short displacement time, with A2 scaling behavior,
to a constant value at large A [33, 34]. The unencapsulated wax
diffusivity D(A)/D,, in the solid phase, decreases nearly linearly
with increasing diffusion time A2 This observed behavior is
consistent with diffusion of longitudinal magnetization during
the magnetization storage time of the stimulated echo sequence,
that is, spin diffusion [10, 50, 52].

An Arrhenius type plot of D for A = 400 ms is shown in Figure 5c¢
(see Figure S2 for data from all A times). In the unencapsulated
wax, the larger molecular weight eicosane has a broader 1/T
(K1) transition region from solid to liquid than octadecane, in-
dicative of the difference in activation energy (Figure 6) and tem-
perature during melting from a more crystalline state (Figures 5c
and S2). In the microencapsulated waxes, the liquid to solid tran-
sition is broader in 1/T than in bulk, consistent with increased
melting ranges observed in DSC measurements of microencap-
sulated wax relative to bulk [53]. The smaller D of the encapsu-
lated waxes in the liquid phase is due to the restriction of the core
shell as indicated above. The lower diffusivity in the melting and
solid regimes indicates the intermediate T, relaxation time spin
populations substantially impact the diffusion. Near the melting
point, molecular mobility of the interfacial — CH, — groups is
enhanced and extends further into the molecule, increasing the
intermediate T, component. This increases longitudinal mag-
netization transport between the crystalline and less ordered
dipolar coupled domains during the PGStE magnetization stor-
age time [30, 38, 50]. This is consistent with the solid phase spin
diffusion measured scaling as D ~ 1/T,, with the intermediate
larger 1, dominating the spin diffusion [54].

A novel aspect of the diffusion time dependent NMR data is
exemplified in the activation energy calculated for the liquid,
transition, and solid regimes (Figure 6) from linear fits on the
Arrhenius plots (Figure S2). To our knowledge, no such data
have previously been generated. Increasing A generates a longer
diffusion length scalel; ~ (DA)'/2 In the liquid state (Figure 6a),
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FIGURES5 | (a) Normalized NMR derived diffusion coefficients as a function of A for (left) unencapsulated and microencapsulated octadecane

and (right) unencapsulated and microencapsulated eicosane at 2 K above each wax's unencapsulated melting point range. (b) Normalized NMR de-

rived diffusion coefficients as a function of A for (left) unencapsulated and microencapsulated octadecane and (right) unencapsulated and microen-

capsulated eicosane at 3 K below the start of each wax's unencapsulated melting point range. (c) NMR derived diffusion coefficients at A = 400 ms for

(left) unencapsulated and microencapsulated octadecane and (right) unencapsulated and microencapsulated eicosane during melting. Scans circled

in gray had a low signal voltage and should be interpreted cautiously.
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FIGURE 6 | Delta-dependent results of Arrhenius fits to diffusion
data for the (a) liquid wax melt, (b) transitionary solid, and (c) solid wax
regions of each sample. The slopes of these regions from Figure S2 gave
—E,/R.

the unencapsulated waxes show near constant E, in agreement
with other published values [47], while the decrease of E, in the
microencapsulated systems is an artifact of the restricted trans-
lational motion when molecules diffuse longer distances. In the
melt transition (Figure 6b), E, increases with spin diffusion over
longer distances due to spatial variations in the ordered crys-
talline and disordered amorphous mesodomains. In the solid
phase (Figure 6c), E, is fairly constant with varying diffusion
lengths, indicating fixed crystalline and amorphous domain

length scales. Increases in E, near the melt transition reflect
the complex molecular dynamics present, including collective
translational motions which impart a time dependent dynamics
[30]. Since E, in classical theory is the energy barrier for kinetic
energy to overcome intermolecular forces, the time dependence
measured reflects the increased energy of multiple structural
and orientational rearrangements in time A.

6 | Conclusion

NMR relaxometry and diffusometry on unencapsulated and
microencapsulated C,5 and C,; n-alkane waxes provide unique
insight into molecular-scale transport processes and structure
during melting. NMR T, and T; — T, relaxation measurements are
sensitive to structural modifications in the solid waxes, revealing
a major intermediate relaxation domain exclusive to the micro-
encapsulated waxes. These relaxometry data demonstrate how
microencapsulation alters the range of molecular mobilities com-
pared to unencapsulated waxes, favoring intermediate mobilities.
These intermediate mobilities are related to more amorphous
domains in the microencapsulated wax, relative to the unencap-
sulated wax. Diffusion data from PGStE on the microencapsu-
lated waxes estimate radius (S/V) in the liquid phase, informing
hindered diffusion within particles. The diffusion data provide a
new means to calculate activation energies from Arrhenius plots
which depend on the diffusion displacement observation length
scale. This novel result has potential to further characterize the
impact of spatial variations of structural crystalline and amor-
phous domains on melting processes and latent heat.

Author Contributions

Matthew C. Young: conceptualization, methodology, investigation,
writing — original draft and review and editing, visualization. Madison
L. Nelson: conceptualization, methodology, writing — review and ed-
iting. Matthew E. Skuntz: conceptualization, methodology, writing
- review and editing. Sarah L. Codd: conceptualization, resources,
writing — review and editing. Ryan Anderson: conceptualization,
resources, writing — review and editing. Joseph D. Seymour: concep-
tualization, methodology, investigation, resources, writing — original
draft and review and editing, visualization, supervision.

Acknowledgements

1.D.S. and S.L.C. thank the M. J. Murdoch Charitable Trust and NSF
MRI Program for NMR equipment funding.

Funding

This research was supported by the National Science Foundation under
grant number 1511045 to R.A. and J.D.S. Any opinions, findings, and
conclusions or recommendations expressed in this material are those

Magnetic Resonance in Chemistry, 2026

491

XI5 9T0C "ENESFLA]

sdng wwong popeop

A

SONIpUC) puE suua L, 9§ To70zo0/80] ue Arkr] anmo A AT DA 08 S AR A LH00L 2001 01

Hapm:

SIINIE WO N J0 ST 0] ATER]IT IO AS[LA U0 (SO0

p fig

26101 SUGURLIO ) SALESL)



of the authors and do not necessarily reflect the views of the National
Science Foundation. S.L.C. was supported by the National Institute of
General Medical Sciences of the National Institutes of Health under
award number P20GM103474. The content is solely the responsibility of
the authors and does not necessarily represent the official views of the
National Institutes of Health.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data will be made available upon request.

References

1. M. N. A. Hawlader, M. 8. Uddin, and M. M. Khin, “Microencapsu-
lated PCM Thermal-Energy Storage System,” Applied Energy 74, no. 1
(2003): 195-202, https://doi.org/10.1016/S0306-2619(02)00146-0.

2. A. F. Regin, S. C. Solanki, and J. S. Saini, “Heat Transfer Charac-
teristics of Thermal Energy Storage System Using PCM Capsules: A
Review,” Renewable and Sustainable Energy Reviews 12, no. 9 (2008):
2438-2458, https://doi.org/10.1016/j.rser.2007.06.009.

3.]. Jaguemont, N. Omar, P. Van den Bossche, and J. Mierlo, “Phase-
Change Materials (PCM) for Automotive Applications: A Review,”
Applied Thermal Engineering 132 (2018): 308-320, https://doi.org/10.
1016/j.applthermaleng.2017.12.097.

4. N. H. Abu-Hamdeh and K. A. Alnefaie, “Assessment of Thermal Per-
formance of PCM in Latent Heat Storage System for Different Applica-
tions,” Solar Energy 177 (2019): 317-323, https://doi.org/10.1016/j.solen
er.2018.11.035.

5.L. F. Cabeza, A. Castell, C. Barreneche, A. De Gracia, and A. L.
Fernandez, “Materials Used as PCM in Thermal Energy Storage in
Buildings: A Review,” Renewable and Sustainable Energy Reviews 15,
no. 3 (2011): 1675-1695, https://doi.org/10.1016/j.rser.2010.11.018.

6. P. Templin, “Coefficient of Volume Expansion for Petroleum Waxes
and Pure n-Paraffins,” Industrial and Engineering Chemistry 48, no. 1
(1956): 154-161.

7. D. Small, The Physical Chemistry of Lipids: From Alkanes to Phospho-
lipids (Plenum Press, 1986).

8. C. Vlez, M. Khayet, O. Zrate, and J. O. De Zarate, “Temperature-
Dependent Thermal Properties of Solid/Liquid Phase Change Even-
Numbered N-Alkanes: N-Hexadecane, n-Octadecane and N-Eicosane,”
Applied Energy 143 (2015): 383-394, https://doi.org/10.1016/j.apenergy.
2015.01.054.

9. E. R. Andrew, “Molecular Motion in Certain Solid Hydrocarbons,”
Journal of Chemical Physics 18, no. 5 (1950): 607-618, https://doi.org/
10.1063/1.1747709.

10. I. E. Anderson and W. P. Slichter, “Nuclear Spin Relaxation in Solid
n-Alkanes,” Journal of Physical Chemistry 69, no. 9 (1965): 3099-3104,
https://doi.org/10.1021/j100893a047.

11. B. Xie, G. Liu, S. Jiang, Y. Zhao, and D. Wang, “Crystallization Be-
haviors of n-Octadecane in Confined Space: Crossover of Rotator Phase
From Transient to Metastable Induced by Surface Freezing,” Journal of
Physical Chemistry. B 112, no. 42 (2008): 13310-13315, https://doi.org/
10.1021/jp712160k.

12. M. Perez, “Gibbs-Thomson Effects in Phase Transformations,”
Scripta Materialia 52, no. 8 (2005): 709-712, https://doi.org/10.1016/j.
scriptamat.2004.12.026.

13.]. H. Strange, M. Rahman, and E. G. Smith, “Characterization of
Porous Solids by NMR,” Physical Review Letters 71, no. 21 (1993): 3589—
3591, https://doi.org/10.1103/PhysRevLett.71.3589.

14. I. Mitchell, J. Webber, and J. Strange, “Nuclear Magnetic Resonance
Cryoporometry,” Physics Reports 461, no. 1 (2008): 1-36, https://doi.org/
10.1016/j.physrep.2008.02.001.

15. 0. V. Petrov and I. Fur, “NMR Cryoporometry: Principles, Appli-
cations and Potential,” Progress in Nuclear Magnetic Resonance Spec-
troscopy 54, no. 2 (2009): 97-122, https://doi.org/10.1016/j.pnmrs.2008.
06.001.

16. M. E. Skuntz, J. D. Seymour, and R. Anderson, “Observation of
Heat Transfer due to Variable Thermophysical Properties of Sub-, Near-
and Super- Critical Fluids in Porous Media by Magnetic Resonance
Imaging,” International Communications in Heat and Mass Transfer
128 (2009): 105635, https://doi.org/10.1016/j.icheatmasstransfer.2021.
105635.

17. M. E. Skuntz, R. Anderson, S. L. Codd, and J. D. Seymour, “Tem-
perature Mapping Using Combined T2 and Diffusion Weighted MRI of
Encapsulated Phase Change Materials,” Applied Magnetic Resonance 54
(2023): 1589-1605, https://doi.org/10.1007/s00723-023-01555-6.

18. J. H. Williams, Q. Zheng, M. D. Mantle, A. I. Sederman, and L. F.
Gladden, “Probing the Diffusion Mechanism of n-Alkanes in Meso-
porous Confinement Using Pulsed Field Gradient NMR,” Journal of
Physical Chemistry C 127, no. 31 (2023): 15326-15335, https://doi.org/
10.1021/acs.jpce.3¢02793.

19. B. Bluemich, NMR Imaging of Materials. Monographs on the Physics
and Chemistry of Materials (Oxford University Press, 2000).

20. P. T. Callaghan, Translational Dynamics and Magnetic Resonance
(Oxford University Press, 2011).

21. N. Bloembergen, E. M. Purcell, and R. V. Pound, “Relaxation Effects
in Nuclear Magnetic Resonance Absorption,” Physical Review 73, no. 7
(1948): 679-712, https://doi.org/10.1103/PhysRev.73.679.

22.D. Asthagiri, W. G. Chapman, G. J. Hirasaki, and P. M. Singer,
“NMR'H-'H Dipole Relaxation in Fluids: Relaxation of Individual 'H-
1H Pairs Versus Relaxation of Molecular Modes,” Journal of Physical
Chemistry. B 124, no. 47 (2020): 10802-10810, https://doi.org/10.1021/
acs.jpcb.0c08078.

23.]. H. Van Vleck, “The Dipolar Broadening of Magnetic Resonance
Lines in Crystals,” Physical Review 74, no. 9 (1948): 1168-1183, https://
doi.org/10.1103/PhysRev.74.1168.

24. P. W. Anderson and P. R. Weiss, “Exchange Narrowing in Paramag-
netic Resonance,” Reviews of Modern Physics 25, no. 1 (1953): 269-276,
https://doi.org/10.1103/RevModPhys.25.269.

25. A. Abragam, The Principles of Nuclear Magnetism (Clarendon Press,
1961).

26. S. Godefroy, J. P. Korb, M. Fleury, and R. G. Bryant, “Surface Nu-
clear Magnetic Relaxation and Dynamics of Water and Oil in Macropo-
rous Media,” Physical Review. E, Statistical, Nonlinear, and Soft Matter
Physics 64, no. 2 Pt 1 (2001): 021605, https://doi.org/10.1103/PhysRevE.
64.021605.

27. M. D. Hurlimann and L. Venkataramanan, “Quantitative Measure-
ment of Two-Dimensional Distribution Functions of Diffusion and
Relaxation in Grossly Inhomogeneous Fields,” Journal of Magnetic Res-
onance 157, no. 1 (2002): 31-42, https://doi.org/10.1006/jmre.2002.2567.

28. R. Kimmich and E. Anoardo, “Field-Cycling NMR Relaxometry,”
Progress in Nuclear Magnetic Resonance Spectroscopy 44, no. 3—-4 (2004):
257-320, https://doi.org/10.1016/j.pnmrs.2004.03.002.

29. P. M. Singer, A. Valiya Parambathu, X. Wang, et al., “Elucidating the
H NMR Relaxation Mechanism in Polydisperse Polymers and Bitumen
Using Measurements, MD Simulations, and Models,” Journal of Physi-
cal Chemistry. B 124, no. 20 (2020): 4222-4233, https://doi.org/10.1021/
acs.jpcb.0c01941.

30. A. Marbeuf and R. Brown, “Molecular Dynamics in n-Alkanes: Pre-
melting Phenomena and Rotator Phases,” Journal of Chemical Physics
124, no. 5(2006): 054901, https://doi.org/10.1063/1.2148909.

492

Magnetic Resonance in Chemistry, 2026

XI5 9T0C "ENESFLA]

sdng wwong popeop

A

SUOIIPUCT) PUE SULD L, ) 005 TOT0C/90/80] ue Anewr Surue Aoy, “AmIqrT ANERAI A8 S BIBUOW Aq LHO0L DIUTH0]

Hapm:

SHOME () DS J0 S 0] AIEIGIT HUTUCH D[N WO (SU0

p fig

26101 SUGURLIO ) SALESL)


https://doi.org/10.1016/S0306-2619(02)00146-0
https://doi.org/10.1016/j.rser.2007.06.009
https://doi.org/10.1016/j.applthermaleng.2017.12.097
https://doi.org/10.1016/j.applthermaleng.2017.12.097
https://doi.org/10.1016/j.solener.2018.11.035
https://doi.org/10.1016/j.solener.2018.11.035
https://doi.org/10.1016/j.rser.2010.11.018
https://doi.org/10.1016/j.apenergy.2015.01.054
https://doi.org/10.1016/j.apenergy.2015.01.054
https://doi.org/10.1063/1.1747709
https://doi.org/10.1063/1.1747709
https://doi.org/10.1021/j100893a047
https://doi.org/10.1021/jp712160k
https://doi.org/10.1021/jp712160k
https://doi.org/10.1016/j.scriptamat.2004.12.026
https://doi.org/10.1016/j.scriptamat.2004.12.026
https://doi.org/10.1103/PhysRevLett.71.3589
https://doi.org/10.1016/j.physrep.2008.02.001
https://doi.org/10.1016/j.physrep.2008.02.001
https://doi.org/10.1016/j.pnmrs.2008.06.001
https://doi.org/10.1016/j.pnmrs.2008.06.001
https://doi.org/10.1016/j.icheatmasstransfer.2021.105635
https://doi.org/10.1016/j.icheatmasstransfer.2021.105635
https://doi.org/10.1007/s00723-023-01555-6
https://doi.org/10.1021/acs.jpcc.3c02793
https://doi.org/10.1021/acs.jpcc.3c02793
https://doi.org/10.1103/PhysRev.73.679
https://doi.org/10.1021/acs.jpcb.0c08078
https://doi.org/10.1021/acs.jpcb.0c08078
https://doi.org/10.1103/PhysRev.74.1168
https://doi.org/10.1103/PhysRev.74.1168
https://doi.org/10.1103/RevModPhys.25.269
https://doi.org/10.1103/PhysRevE.64.021605
https://doi.org/10.1103/PhysRevE.64.021605
https://doi.org/10.1006/jmre.2002.2567
https://doi.org/10.1016/j.pnmrs.2004.03.002
https://doi.org/10.1021/acs.jpcb.0c01941
https://doi.org/10.1021/acs.jpcb.0c01941
https://doi.org/10.1063/1.2148909

31. E. O. Stejskal and J. E. Tanner, “Spin Diffusion Measurements: Spin
Echoes in the Presence of a Time-Dependent Field Gradient,” Journal of
Chemical Physics. 42, no. 1 (1965): 288-292, https://doi.org/10.1063/1.
1695690.

32.D. E. Woessner, “NMR Spin-Echo Self-Diffusion Measurements on
Fluids Undergoing Restricted Diffusion,” Journal of Physical Chemistry
67, no. 6 (1963): 1365-1367, https://doi.org/10.1021/j100800a509.

33. P. P. Mitra, P. N. Sen, L. M. Schwartz, and P. Le Doussal, “Diffusion
Propagator as a Probe of the Structure of Porous Media,” Physical Re-
view Letters 68, no. 24 (1992): 3555-3558, https://doi.org/10.1103/PhysR
evLett.68.3555.

34. P. N. Sen, “Time-Dependent Diffusion Coefficient as a Probe of Ge-
ometry,” Concepts in Magnetic Resonance Part a. 23a, no. 1 (2004): 1-21,
https://doi.org/10.1002/cmr.a.20017.

35. 1. E. Tanner, “Use of the Stimulated Echo in NMR Diffusion Stud-
ies,” Journal of Chemical Physics. 52, no. 5 (1970): 2523-2526, https://
doi.org/10.1063/1.1673336.

36. A. Jerschow and N. Mller, “Suppression of Convection Artifacts in
Stimulated-Echo Diffusion Experiments,” Double-Stimulated-Echo Ex-
periments. Journal of Magnetic Resonance. 125, no. 2 (1997): 372-375,
https://doi.org/10.1006/jmre.1997.1123.

37. B. Manz, J. D. Seymour, and P. T. Callaghan, “PGSE NMR Measure-
ments of Convection in a Capillary,” Journal of Magnetic Resonance 125,
no. 1(1997): 153-158, https://doi.org/10.1006/jmre.1996.1074.

38. E. Fischer, R. Kimmich, and N. Fatkullin, “Spin Diffusion in Melts
of Entangled Polymers,” Journal of Chemical Physics 106, no. 23 (1997):
9883-9888, https://doi.org/10.1063/1.473876.

39. H. Y. Carr and E. M. Purcell, “Effects of Diffusion on Free Preces-
sion in Nuclear Magnetic Resonance Experiments,” Physical Review 94,
no. 3 (1954): 630-638, https://doi.org/10.1103/PhysRev.94.630.

40. S. Meiboom and D. Gill, “Modified Spin-Echo Method for Measur-
ing Nuclear Relaxation Times,” Review of Scientific Instruments 29, no.
8 (1958): 688-691, https://doi.org/10.1063/1.1716296.

41.Y. Q. Song, L. Venkataramanan, M. D. Hurlimann, M. Flaum, P.
Frulla, and C. Straley, “T1-T2 Correlation Spectra Obtained Using a Fast
Two-Dimensional Laplace Inversion,” Journal of Magnetic Resonance
154, no. 2 (2002): 261-268, https://doi.org/10.1006/jmre.2001.2474.

42. L. Venkataramanan, Y. Q. Song, and M. D. Hurlimann, “Solving
Fredholm Integrals of the First Kind With Tensor Product Structure in
2 and 2.5 Dimensions,” IEEE Transactions on Signal Processing 50, no. 5
(2002): 1017-1026, https://doi.org/10.1109/78.995059.

43. S. Godefroy and P. T. Callaghan, “2D Relaxation/Diffusion Correla-
tions in Porous Media,” Magnetic Resonance Imaging 21, no. 3—4 (2003):
381-383, https://doi.org/10.1016/s0730-725x(03)00144-9.

44.E. J. Fordham, L. Venkataramanan, J. Mitchell, and A. Valori,
“What Are, and What Are Not, Inverse Laplace Transforms,” Diffusion
Fundamentals 29 (2017): 952, https://doi.org/10.62721/diffusion-funda
mentals.29.952.

45. G. McLachlan and D. Peel, “An Algorithm for Unsupervised Learn-
ing via Normal Mixture Models,” in ISIS: Information, Statistics and
Induction in Science, eds. D. L. Dowe, K. B. Korb, and J. J. Oliver (World
Scientific Publishing Co. Pte. Ltd., 1996), 354-363.

46. G. McLachlan, D. Peel, and P. Prado, “Clustering via Normal Mix-
ture Models,” in Proceedings of the American Statistical Association
(Bayesian Statistical Science Section) (American Statistical Association,
1997), 98-103.

47. E. Von Meerwall, S. Beckman, J. Jang, and W. L. Mattice, “Diffusion of
Liquid n-Alkanes: Free-Volume and Density Effects,” Journal of Chemical
Physics 108, no. 10 (1998): 4299-4304, https://doi.org/10.1063/1.475829.

48.E. B. Sirota, H. E. King, D. M. Singer, and H. H. Shao, “Rotator
Phases of the Normal Alkanes: An X-Ray Scattering Study,” Journal of

Chemical Physics 98, no. 7 (1993): 5809-5824, https://doi.org/10.1063/1.
464874,

49. C. Di Giambattista, R. Sanctuary, E. Perigo, and J. Baller, “Relax-
ations in the Metastable Rotator Phase of n-Eicosane,” Journal of Chem-
ical Physics 143, no. 5 (2015): 054507, https://doi.org/10.1063/1.4928059.

50. M. L. Nelson, L. W. Thrane, S. L. Codd, et al., “Observing Solid-Solid
Phase Transitions in Two Alkanes and Natural Wax With Multidimen-
sional NMR Relaxometry,” Applied Magnetic Resonance 56 (2025): 723—
747, https://doi.org/10.1007/s00723-025-01751-6.

51.L. L. Latour, P. P. Mitra, R. L. Kleinberg, and C. H. Sotak, “Time-
Dependent Diffusion Coefficient of Fluids in Porous Media as a Probe of
Surface-to-Volume Ratio,” Journal of Magnetic Resonance, Series a 101,
no. 3 (1993): 342-346, https://doi.org/10.1006/jmra.1993.1056.

52.W. Zhang and D. G. Cory, “First Direct Measurement of the Spin
Diffusion Rate in a Homogenous Solid,” Physical Review Letters 80, no. 6
(1998): 1324-1327, https://doi.org/10.1103/PhysRevLett.80.1324.

53. N. Soares, T. Matias, L. Dures, P. N. Simes, and I. J. Costa, “Thermo-
physical Characterization of Paraffin-Based PCMs for Low Tempera-
ture Thermal Energy Storage Applications for Buildings,” Energy 269
(2023): 126745, https://doi.org/10.1016/j.energy.2023.126745.

54.F. Mellinger, M. Wilhelm, and H. W. Spiess, “Calibration of 1H
NMR Spin Diffusion Coefficients for Mobile Polymers Through Trans-
verse Relaxation Measurements,” Macromolecules 32, no. 14 (1999):
4686-4691.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. MRC_SI_R1_020226.pdf

Magnetic Resonance in Chemistry, 2026

493

XI5 9T0C "ENESFLA]

sdng wwong popeop

A

SUOIIPUCT) PUE SULD L, ) 005 TOT0C/90/80] ue Anewr Surue Aoy, “AmIqrT ANERAI A8 S BIBUOW Aq LHO0L DIUTH0]

Hapm:

SIINIE WO N J0 ST 0] ATER]IT IO AS[LA U0 (SO0

p fig

26101 SUGURLIO ) SALESL)


https://doi.org/10.1063/1.1695690
https://doi.org/10.1063/1.1695690
https://doi.org/10.1021/j100800a509
https://doi.org/10.1103/PhysRevLett.68.3555
https://doi.org/10.1103/PhysRevLett.68.3555
https://doi.org/10.1002/cmr.a.20017
https://doi.org/10.1063/1.1673336
https://doi.org/10.1063/1.1673336
https://doi.org/10.1006/jmre.1997.1123
https://doi.org/10.1006/jmre.1996.1074
https://doi.org/10.1063/1.473876
https://doi.org/10.1103/PhysRev.94.630
https://doi.org/10.1063/1.1716296
https://doi.org/10.1006/jmre.2001.2474
https://doi.org/10.1109/78.995059
https://doi.org/10.1016/s0730-725x(03)00144-9
https://doi.org/10.62721/diffusion-fundamentals.29.952
https://doi.org/10.62721/diffusion-fundamentals.29.952
https://doi.org/10.1063/1.475829
https://doi.org/10.1063/1.464874
https://doi.org/10.1063/1.464874
https://doi.org/10.1063/1.4928059
https://doi.org/10.1007/s00723-025-01751-6
https://doi.org/10.1006/jmra.1993.1056
https://doi.org/10.1103/PhysRevLett.80.1324
https://doi.org/10.1016/j.energy.2023.126745

	Microencapsulated Alkane Wax Melting: Measured by H NMR Relaxometry and Diffusometry
	ABSTRACT
	1   |   Introduction and Background
	2   |   Theory
	2.1   |   NMR Relaxometry
	2.2   |   NMR Diffusometry

	3   |   Materials
	4   |   Methods
	4.1   |   Experimental Setup
	4.2   |   Relaxation Data Acquisition and Analysis
	4.3   |   Diffusometry Data Acquisition and Analysis

	5   |   Results and Discussion
	5.1   |   NMR Relaxometry
	5.2   |   NMR Diffusometry

	6   |   Conclusion
	Author Contributions
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References

	Copy Cover Page.pdf
	Blank Page
	Blank Page




