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ABSTRACT: Many commercially and industrially important materials
aggregate to form nanoscale mass-fractal structures. Unlike hard aggregates
such as fumed silica, aqueous pigment-based inks consist of weakly bound
nanoparticles stabilized by a surfactant. These soft aggregates can easily
break apart and re-form balancing mixing energy and the reduction in
surface energy with clustering or aggregation. Rapid thermal motion of
small elemental crystallites leads to dense clusters or primary particles. The
larger primary particles have slower thermal motion and aggregate into
ramified mass fractals to form a dual-level hierarchical structure. It is
proposed that the hierarchical structure relies on subtle and competitive
equilibria between the different hierarchical structural levels. A new
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hierarchical thermodynamics model by Vogtt is used. Pigment yellow 14 and pigment blue 15:3 as surfactant-stabilized aqueous
dispersions were employed to explore the thermodynamics of nanoparticle hierarchical equilibria. It was demonstrated that
reversible nanoparticle aggregation can be described solely by the change in free energy of dissociation and the change in free
energy of mixing in the context of a subunit being removed from a cluster. The hierarchical thermodynamics is dominated by
the solubility of the dispersing surfactant. At the cloud point for the surfactant, primary particles approach the size of an
elemental particle and the degree of aggregation becomes very large. The results indicate that subtle and reproducible control
over pigment hierarchical structure and size is possible through thermal equilibration, manipulation of the surfactant properties,

and elemental crystallite size.

B INTRODUCTION

In some nanomaterials, such as fumed silica’™ and carbon
black," primary particles are fused together to form hard
aggregates of effectively bound primary particles. The
emergence of hierarchical networks in nanocomposites
composed of these hard aggregates has been reported.” In
contrast, primary particles of aqueous dispersions of organic
pigments stabilized by a nonionic surfactant are more weakly
bound, forming soft aggregates.()_8 Pigment primary particles
and their composing elemental crystallites can be removed via
mechanical milling or random thermal motion, resulting in
aggregate and particle size reduction and structural rearrange-
ment.

Organic pigments contain elemental crystallites on the
nanoscale with an extremely high surface area. These elemental
particles cluster to form polycrystalline primary particles,
characterized by the Sauter mean diameter (dp) that describes
the diameter of a sphere with the same volume to surface ratio
as the particle.” Pigment primary particles aggregate to form
mass-fractal structures. Both the clustering, to form primary
particles, and the further aggregation to form ramified mass
fractals are subject to thermal equilibrium. Heating a pigment
solution leads to changes in the degree of aggregation and in
the primary particle size. Direct imaging techniques such as
transmission electron microscopy and scanning electron
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microscopy are used to produce micrographs of small numbers
of polydisperse aggregates and agglomerates. However, large
sample size is required to obtain representative values for a
given sample.” Additionally, microscopy yields a two-dimen-
sional (2-D) projection of the three-dimensional (3-D)
aggregate structure. A 2-D projection cannot access structural
details for fractal structures with dimensions greater than two.
On the other hand, X-ray scattering (XS) techniques allow the
characterization of structure across structural hierarchical levels
from the crystalline structure measured at wide-angles
(WAXS) to the fractal structure at small angles (SAXS) and
then to the mesoscale structures observed at ultrasmall angles
(USAXS).

Organic Pigments: PY14 and PB15:3. Organic pigments
consist of insoluble, crystalline nanoparticles that tend to
aggregate into mass-fractal structures. In this work, aqueous
inks of pigment yellow 14 (PY14) and pigment blue 15:3
(PB15:3) are examined. PY14 is a diaryl azo pigment that
forms bright yellow triclinic crystallites.'”"" PB15:3 is a copper
phthalocyanine pigment that forms deep blue monoclinic
crystallites." "
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Small-Angle Scattering. Small-angle X-ray scattering
offers a statistical approach to characterize nanostructured
branched fractal aggregates. The probe size in scattering
experiments depends on the wavelength, 4, and the Bragg
angle, 6, of the beam; for nanoscale materials, X-rays and
neutrons are appropriate. For this work, there is sufficient
electron density contrast between the aggregate samples and
the aqueous dispersing medium so that X-ray scattering is
employed. In small-angle scattering experiments, wavelength
and scattering angle are expressed by the momentum transfer
vector, q = 4msin /4, which can be directly related to the
Bragg spacing, d = 27/¢.>>”"*7'® The momentum transfer
vector, g, typically has units of A~ Therefore, small structural
teatures will be measured at high g, while larger structures will
be probed in the low-q regime. The Unified Scattering
Function, shown in eq 1, is often used to fit reduced,
desmeared X-ray scattering data across multiple hierarchical
structural levels'*"

I(q) = Z G eXP(_qug,i2/3)

i=1
+ exp(=q"Rg,_,°/3)B(g,) ",
q" = q/erf(1.06qR /6 )’ 1)

In this notation, i = 1 denotes the smallest structural level with
higher values of “i” describing larger structures in the hierarchy.
The Unified Scattering Function applies Guinier’s law and a
power law at each structural level to characterize the sample
across multiple length scales. Guinier’s law, the first term in eq
1, allows the size of the scattering particles at structural level i
to be described by their radius of gyration, R,;. The power-law
term in eq 1 describes the details of the structure. For smooth,
dense particles, the power-law exponent, P, is 4 at hierarchical
level i = 1. 1 £ P; < 3 indicates a mass-fractal structure at
hierarchical level i = 2. gi* in the Unified Scattering Function
accommodates the transition between the Guinier and power-
law regimes within a structural level.'*'> The Gaussian factor
in the second term describes the transition between structural
levels.

Aqueous dispersions of organic pigments are generally
composed of three structural levels, the smallest being the
elemental crystallites (i = 0), which cluster into primary
particles (i = 1). These primary particles further assemble into
mass-fractal aggregates (i = 2). The Unified Fit does not
account for the elemental structural level i = 0, the size of
which is obtained from WAXS measurements. For crystalline
materials, the size of the crystallites that make up the primary
particles as clusters can be estimated from the broadening of
the diffraction peak(s) in the wide—an%le X-ray scattering data
according to the Scherrer equation.'’ ™" The crystallite size t =
0.94/B cos 0, where A is the X-ray wavelength, B is the full
width of the peak at half of the maximum in radians, and 8 is
the Bragg angle. The size-related broadening of the diffraction
peak(s) combined with an assumption of the crystallite
structure yields the average volume of an elemental particle
in the sample, v,. Also, from fits of the Unified Scattering
Function to small-angle scattering data, the Sauter mean
diameter, dP, of the primary particles can be calculated.”* For
a power-law dependence of —4, the hard sphere volume of a
primary particle, v, = ﬂ'dp3/ 6, results. The ratio of the hard
sphere primary particle volume to the volume of an elemental
crystallite results in the average number of elemental

crystallites in a primary particle, z,) = v;/v,. Additionally,
the average number of primary particles in an aggregate, z,(1
(generally reported as z), is determined from the fits of the
Unified Scattering Function.” The contour volume of an
aggregate is thus expressed as v, = v;z,().

Thermodynamics of Nanoparticle Assembly. For
organic pigment-based inks dispersed using a nonionic
surfactant, particle interactions are controlled by the surfactant
and thermal motion of the particles.”"”*” Nanoparticle
aggregation involves smaller structures that assemble to form
larger structures, which can be, themselves, assembled into
even larger structures in the hierarchy. A thermodynamic
hierarchical level is defined by a unique free-energy change for
the removal of a subparticle as described in a recently
developed theory by Vogtt,”> which is summarized in this
paper. The thermodynamic and structural hierarchical levels
are distinct but may coincide, as in the case of the pigments
studied here.

The clustering or aggregation of surfactant-stabilized pig-
ment particles in aqueous dispersion is usually described by
kinetic models that quantify the balance between thermal
motion of the particles, D ~ kT/(6zR), which is slower for
larger particles due to the size-dependent Stokes drag
coefficient, and the energetic benefit of reduction in surface
area associated with clustering or aggregation. For the rapid
motion of small particles, the bonding reaction controls
aggregation and dense clusters form in reaction-limited growth
or aggregation (RLA). For the slower motion of large particles,
diffusion controls the growth and branched mass-fractal
aggregates form in diffusion-limited aggregation (DLA). On
the basis of an aggregating crystallite or primary particle, the
coordination number, which is high for RLA and low for DLA,
quantifies the energy change on association or dissociation.

Within the context of the kinetic models, reversible
clustering and aggregation of pigment crystallites and primary
particles can be considered. An equilibrated system subject to
these kinetic constraints could produce dense, high-coordina-
tion number clusters or ramified mass-fractal aggregates with
dramatically different coordination numbers, which would
result in different free-energy changes on aggregation or
clustering. This serves as the basis for a thermodynamic
hierarchy, which is closely related to the structural hierarchy.
Systems may exist where the structural and thermodynamic
hierarchical levels do not coincide.

Following the Vogtt model,”> we consider that elemental
crystallites reversibly cluster to form 3-D primary particles. The
roughly spherical primary particles can then reversibly
aggregate to form secondary aggregates, which display mass-
fractal structures.”*™>°

Elemental crystallites are able to freely associate and
dissociate from the primary particles with a small energy
barrier. Since this process is reversible, the energy required to
remove an elemental subunit is equal in magnitude to the
energy required to add an elemental particle to a primary
particle albeit of opposite sign. Furthermore, it is assumed that
the strength of these interactions does not change with the
number of elemental units in a primary particle cluster and that
thermally equilibrated cluster sizes will be obtained. The
change in free energy required to remove or add an elemental
to the primary particle characterizes the process of clustering
for the primary particle structural level. After a sufficient length
of time, the free association and dissociation of elemental
particles to and from the primary particles, respectively, will

DOI: 10.1021/acs.langmuir.9b02192
Langmuir 2019, 35, 13100-13109


http://dx.doi.org/10.1021/acs.langmuir.9b02192

Langmuir

result in an equilibrium number of clustered elemental particles
comprising the primary particle. Similarly, higher structural
levels in the hierarchy can be characterized by the change in
free energy required for their assembly, and, after sufficient
time has passed, an equilibrium number of primary particles
comprising the aggregates can be observed. Following Vogtt’s
theory,23 the unique changes in free energy for the aggregation
processes for each hierarchical structural level may be
determined, that is, a different energy for clustering of
elemental crystallites, versus that for primary particles forming
aggregates associated with differences in the coordination
number per elemental or primary particle.

Using Vogtt’s theory,” the aggregation thermodynamics for
the process of removing subunits from a cluster can be
quantified across the different hierarchical structural levels, as
depicted in Figure 1. It is emphasized that the number of
subunits in each hierarchical level is a direct consequence of
the change in free energy per subunit that associates to form a
cluster at a particular level. The actual structure, quantified by
the mass-fractal dimension, connectivity dimension, and
minimum dimension, as well as the degree of aggregation,24
is a consequence of growth kinetics, which impact the
coordination number and the energy of aggregation or
clustering.

In the following treatment, the elemental crystallites are
considered monodisperse with size determined from the

Hierarchical Hierarchical Hierarchical Level 2
Level 0 Level 1 (aggregates)

(elemental (primary

crystallites) particles)

n, N,(n,) N,(n,)

Figure 1. Cartoon illustrating the removal of subunits from
hierarchical clusters of PB15:3. In this example, the material displays
two structural hierarchical levels. The free energy associated with the
removal of a monomeric elemental crystallite from a primary particle
is characterized by an equilibrium constant, K;(). Likewise, the
removal of a primary particle from an aggregate can be described
using the equilibrium constant, K,(;). Elemental particles are
considered monodisperse, whereas the number distributions N;(n,)
and N,(n,) indicate the polydispersity at the primary particle and
aggregate hierarchical levels respectively.

Scherrer equation, whereas the primary particles and
aggregates are considered polydisperse. This polydispersity in
size is expressed as the number distribution of primary
particles, N|(n,), consisting of n, elemental crystallites and the
number distribution of aggregates, N,(n,), comprising n,
primary particles. A description of the equilibrium aggregation
process as depicted in Figure 1, through a conventional law of
mass action, is not viable due to a myriad of dissociation
pathways. However, this can be reconciled in the Vogtt
approach by considering the overall change in concentration of
the clusters (e.g., aggregates) as they reversibly dissociate into
subunits (e.g, primary particles) while displaying a stable
osmotic pressure (total number density of particles). Based on

the difference in chemical potentials for the cluster-subunit
equilibrium, Vogtt™ proposed that the free-energy change for
dissociation is given by

AGyy) = RT In(N;'/N;) = RT In(zy(;))
= —RT 11’1(1{2(1)) (2)

where N is the total number of primary particles and N; =

fowNz(nl)dnl is the total number of aggregates at a given

temperature. The ratio of N to Nj is the number average
degree of aggregation for the primary particles, z,(;). At the
same temperature, the equilibrium constant, K,;), describes
the dissociation process of removal of primary particles from
aggregates. Similarly, K, describes the process of removal of
elemental crystallites from primary particles. Note that the
terms inside the natural log in eq 2 are flipped for the reverse
reaction, i.e., aggregation or addition of subunits to clusters.

Equation 2 relies on the assumption that a steady population
distribution at a given temperature has been reached. The
different dissociation pathways, such as a hexameric aggregate
reducing to a pentameric aggregate, can be ignored and the
equilibrium between the population of aggregates and the
population of primary subunits can be considered under the
assumption that the energy for dissociation does not vary
greatly with size of the aggregate but differs significantly from
the energy to remove an elemental crystallite from a primary
particle. Vogtt’s theory™ necessitates that a stable pigment
dispersion be allowed enough time to equilibrate at each level
in the structural hierarchy. The removal of a subunit from a
cluster at thermal equilibrium dictates that the change in the
number of aggregates composed of n, primaries through the
loss of a primary particle, for instance, dN,(n,), results in a
change in the distribution of the primaries, N;(n,)dn,, for the
clusters of size n; under consideration. For example, the loss of
a primary subunit from an octameric aggregate will lead to an
increase in the number of primary particles and a decrease in
the number of octamers. The principle of conservation of mass
results in

(Ny(n,)dn, + ZZ(I)dNZ(n1)>time =0 3)

where z,(;) is the average number of primary particles in an
aggregate. In eq 3, the average degree of aggregation, z,(;), is
used as a constant in the second term, but other constants are
possible depending on the form of the distribution, N,(n,).
The use of z,(;) results in an exponentially decaying aggregate
size distribution such as in step-growth polymerization or
worm-like micellar equilibrium. Note that the balance in eq 3
results when the changes in subunits and the resulting change
in cluster size are averaged over time.

At thermal equilibrium, eq 3 can be rearranged to represent
a linear differential equation, which can be solved by imposing
the constraint, N] = [N,(n,)n, dn,, where N is the total
number of primary particles, which is fixed at a given
temperature. It is approximated that there is no size restriction
on ny, which shifts the integration limits from 1 to 0 for the
lower limit and from n; to oo for the upper limit. This
approximate relationship is more accurate for larger values of
n;. It allows for a more concise description of the number
distribution of aggregates, N,(n;)

Ny(n,) = (Nf/zz(l)z)exp(_nl/zz(l)) 4)
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The result in eq 4 (refer to the detailed derivation in the
Appendix in the Supporting Information) can be expressed in
terms of the volume fraction of the pigment in solution, ¢ =
v,NT/V. Here, V indicates the total volume of the solution,
which can be discretized into Ng , = V/v; 3-D primary particle
size lattice sites such that

—1y/zy(p) = In(zz(l)z/(ﬁ) + ln(NZ(nl)/NQJ) (s)

The first term on the right side of the expression in eq S (refer
to the detailed derivation in the Appendix in the Supporting
Information), ln(zz(l)z/qb), indicates the thermodynamic
driving force for the process of removing a primary subunit
from an aggregate and is used to determine the change in free
energy of dissociation. The same result was derived by Cates
and Candau for worm-like micelles throu%h minimization of
the thermodynamic aggregation potential.”’ In Cates’ work,
the change in the free energy of scission, AG,, = RTIn-
(zwim(surt) /@), Was described, but for nanoparticle structural
hierarchies in thermal equilibrium, the more intuitive term is
dissociation. The second term on the right side of eq 5,
In(N,(n,)/Nq,), is recognizable as a configurational (mixing)
entropy, in that it describes the log of the number of occupied
volume elements relative to the total number of 3-D lattice
sites in the system.

The free-energy change for the removal of a primary particle
from an aggregate cluster can be determined by integrating eq
S (see Appendix in the Supporting Information) and can be
expressed as the difference of the change in free energy of
dissociation and mixing of a primary particle from an aggregate

AGyy) = RT{IU(22(1)2/¢) + ln(NzT/NQ,1)}
= AGS(I) - AGZI,?I) = RT ln(zz(l)) (6)

The thermodynamics of the dissociation process at any
structural level composed of subunits (ie., i > 0) can be
described by eq 6. For example, the free-energy change for the
removal of an elemental crystallite from a primary particle
cluster is AG, () = RT In(z,(5)) = AG{(g) — AGy). The change
in free energy required to remove a primary particle from an
aggregate can be quantified in terms of the change in free
energy upon dissociation of the primary subunit, AG;'(I), and
the change in free energy upon mixing of the primary subunit
into the dispersing medium, AGj{;). It should be noted that,
although the In(N;/Ng;) term in eq 6 suggests a mixing
entropy, AGj(;) is denoted as the change in free energy upon
mixing to account for the possibility of enthalpic factors. Since
eq 6 employs quantities that can be determined from small-
angle scattering data, the calculation of AGy), AGg(l), and
AGY(yy and their associated enthalpies and entropies requires
no additional experiments beyond the small-angle scatterin§
measurement of dilute samples across a temperature series.””
Comparison between eqs 2 (last term in eq 6) and eq 6
calculated using AGg(l) and AGY) allows for a check on the
Vogtt approach.

The change in the free energy of dissociation describes the
difficulty to remove a subunit from a cluster, and the change in
the free energy of mixing describes the change in free energy
by dispersing the subunit into the medium. The difference
between the change in the free energy of dissociation and the
change in the free energy of mixing yields the overall change in
the free energy for the removal of a subunit from a cluster at
that hierarchical structural level. Positive values of AG;;_y)

indicate that the dissociation of a subunit from the cluster is
unfavorable at the structural level, i > 0, and suggest cluster
formation. On the other hand, negative values for AG;;_j
suggest that subunits will spontaneously be removed from the
cluster.”

Comparison of the overall change in free energy, AGy;_;),
between two adjacent hierarchical structural levels in thermal
equilibrium across a temperature series allows the prediction of
trends in aggregate structure. For example, the sample may
consist of aggregates (structural level i = 2) of primary particles
(structural level i = 1), which themselves consist of elemental
particles (structural level i = 0). In this example, both AG)
and AG,;) are positive since primary particles and aggregates,
respectively, are observed. Therefore, in the temperature range
where both hierarchical structural levels are observed, tradeoffs
between primary particle size and aggregate size may be
predicted from the changes in entropy, AS;;_;), at each
hierarchical structural level, i > 0, as listed in Table 1.

Table 1. Prediction of Trends in Average Number of
Subunits with Increasing Temperature (Based on the sign of
the overall change in entropy for the removal of a subunit at
each hierarchical structural level (i > 0))

ASi) ASy)  zi0) 21 prediction at elevated temperature

1 + + 1 1 elemental particles increase at the
expense of aggregates and primary
particles due to a decreased entropic

penalty to remove a subunit

I - - T 1 aggregates and primary particles grow
at the expense of elementals due to an
increased entropic penalty for

removal of a subunit

1 + - l 1 aggregates grow at the expense of the

primary particle size

primary particles grow at the cost of
aggregate size

In this article, Vogtt’s theory of aggregation thermody-
namics,”> summarized above, was examined for the primary
particle (i = 1) and aggregate (i = 2) structural levels in
samples of pigment yellow 14 and pigment blue 15:3.

B EXPERIMENTAL SECTION

Samples of pigment yellow 14 and pigment blue 15:3 were obtained
in the form of aqueous inks of the organic pigments at concentrations
of 1.0 wt % (dilute), 5.5 wt %, and 6.5 wt % from Sun Chemical
Corporation. The densities of PY14 and PB15:3 are 1.45 and 1.62 g/
cm®, respectively, from which the respective volume fractions were
determined. Each organic pigment ink was dispersed in water using
Triton X-100 surfactant, C,,H,,0(C,H,0),, to stabilize the
dispersions. The concentration of Triton X-100 surfactant was
about 1 mg/mL (1.6 mM or about 7 times the critical micelle
concentration) for all samples. At this surfactant concentration, the
pigmzelnzt2 surface coverage is independent of surfactant concentra-
tion.””

USAXS and SAXS measurements were performed on dilute
samples (1.0 wt %) at temperatures ranging from 10 °C through 80
°C in increments of 10 °C. The measurements utilized beamline 9-
ID-C operated by the X-ray Science Division at the Advanced Photon
Source (APS) at Argonne National Laboratory.””*° A momentum
transfer vector, g, of 0.0001 A™' < g < 0.8 A™" was achieved by this
combination of instruments. The SAXS and USAXS data sets were
merged using the absolute scale of the USAXS measurements.
Background scattering from the aqueous medium was subtracted prior
to data-stitching. The instrument was operated using synchrotron
radiation at 0.5904 A.***° The Indra, Nika, and Irena packagesg’l for
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Igor Pro were employed to reduce, desmear, and merge the data sets.
First, the USAXS data was reduced and the background scattering was
subtracted. USAXS data was then desmeared to account for the slit
smearing. SAXS data was reduced by sector-averaging the raw data
and binning the reduced data into about 400 bins. For all samples, the
combined SAXS and USAXS curves were fit using the Unified
Scattering Function'*'® shown in eq 1.

Wide-angle X-ray scattering (WAXS) measurements were also
performed on the beamline 9-ID-C operated by the X-ray Science
Division at the Advanced Photon Source (APS) at Argonne National
Laboratory. Data was obtained in the 1.5 A™' < g < 6 A™' regime
using a WAXS detector. The WAXS data obtained for the 5.5 wt %
(PY14) and 6.5 wt % (PB15:3) pigment samples was used to estimate
the size of the elemental particles. A reduction in the primary particle
size from SAXS observed across the temperature series indicated that
the primary particles are able to break apart and re-form. This implied
the presence of elemental particles. Since both pigments are
crystalline, the nanocrystallite size may be estimated from the
broadening of the diffraction peak(s) via the Scherrer equation.'’
Instrumental broadening and strain-related broadening were shown to
be insignificant by measuring macroscopic crystals. The nanoscale size
of the pigment crystallites should account for most of the observed
broadening of the WAXS peaks. The size of the crystallites obtained
from the Scherrer equation was taken as the average diameter of an
elemental particle.

B RESULTS AND DISCUSSION

The fit parameters from the Unified Scattering Function
characterize the sample at multiple structural levels and are
listed in Tables S2 and S3 in the Supporting Information for
both of the pigments investigated at different temperatures in
this study. For the pigment primary particles (hierarchical
level, i = 1), the power-law exponent, P, is 4, while for the
mass-fractal aggregates (hierarchical level, i = 2), the power-law
exponent is in the range, 1 < P, < 3.> Since both pigments
consist of soft aggregates bound by relatively weak van der
Waals forces, it seems plausible that the nanoparticle
aggregates would be able to break apart and re-form in
thermal equilibrium. Therefore, both the removal of a particle
from the aggregate (dissociation) and mixing into the
dispersing medium must be considered following Vogtt’s
theory.”” The size of the aggregates in terms of the average
number of primary particles in an aggregate (secondary
particle) has been determined through the degree of
aggregation, z,;) = (G,/G;) + 1.%*® The observations of
decreasing primary particle size and increasing aggregate size
across the temperature series (following type III in Table 1)
suggest that the nanoparticles of pigment yellow 14 and
pigment blue 15:3 in the inks are able to rearrange in response
to changes in temperature. Crystalline subunits smaller than
the primary particles are observed from the Scherrer analysis
for both PY14 and PB15:3. These observations support
polycrystalline primary particles.

It is expected that the crystallite size should change with
temperature following the Gibbs—Thomson equation; how-
ever, the kinetics of this process appears to be very slow
relative to the experimental conditions since the diffraction
peak breadth at about 10° 26 (PY14) and 9° 26 (PB15:3)
remained constant over the temperature range and time of the
experiment. For the purposes of this study, the crystallite size is
fixed as a function of temperature. The average full width at
half-maximum of about 0.17° 26 and 0.21° 20 corresponded to
crystallite diameters of roughly 18 and 15 nm for PY14 and
PB15:3, respectively. Since broadening of the WAXS peak may
also arise from the instrument and from thermal broadening

within the crystal, this size was taken as a rough estimate
(diffraction peaks from bulk metal crystals had negligible
broadening on this instrument, indicating that there was little
instrumental broadening). The crystallites of PY14 and PB15:3
were considered to be the elemental particles that cluster under
the control of the surfactant to form primary particles of the
pigment nanoparticles. Using this crystallite size, the average
volume of an elemental particle, v, of PY14 was calculated.
Dividing the volume of a primary particle, v}, obtained from
the Unified Fit parameters in eq 1 by the volume of an
elemental particle gave an estimate of the average number of
elemental crystallites that make up a primary particle, z,().
This value is plotted by red circles in Figure 2 and can be read
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Figure 2. Thermal behavior for pigment yellow 14. The number of
elemental particles in a primary particle (red circles, left axis) and the
number of primary particles in an aggregate (green triangles, right
axis). The vertical line corresponds to the cloud point of the
surfactant (339 K), i, the temperature at which pigment particles
phase-separate. The phase separation temperature range to the right
of the gray line is shaded. For pigment blue 15:3, refer Figure S1 in
the Supporting Information.

from the left axis. Additionally, the number of primary particles
in an aggregate, z,(;), is shown by the green triangles and can
be read from the right axis in Figure 2. At elevated
temperatures, z,(;) seems to increase at the expense of Z1(0)
for PY14. Similar behavior is observed for PB15:3 as shown in
Figure S1 in the Supporting Information. The gray region
above 339 K indicates expected phase separation above the
cloud point of the surfactant, as discussed below.

The second virial coefficient, A,, can be computed from the
decrement in the reduced scattering intensity over a pigment
concentration series as described in detail in a previous
publication.”” Positive values of A, indicate a thermally stable
dispersion. Figure 3 shows the second virial coefficient for
surfactant-stabilized PY14 and PB1S5:3 nanoparticles as a
function of inverse temperature (1/T) from 353 to 283 K. As
the temperature increases the second virial coeflicient, A,
reduces indicating a lower critical solution temperature
behavior. The critical temperature above which phase
separation occurs is determined from the fits to the A, values
in Figure 3. The critical temperatures extrapolated to A, = 0
are 340 + 20 and 344 + 10 K for PYI14 and PB15:3,
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Figure 3. Variation of the second virial coeflicient, A,, for surfactant-
stabilized PY14 (solid red circles) and PB1S:3 (solid blue squares)
nanoparticles as a function of inverse temperature (1/T), across the
temperature range from 283 to 353 K. The critical temperatures
above which phase separation (A, = 0) occurs are 340 + 20 and 344
+ 10 K for PY14 and PB1S:3, respectively. The region associated with
phase separation of pigment from solution is shaded.

respectively. The observed phase separation of pigment
nanoparticles with increasing temperature can be attributed
to the surfactant, Triton X-100, that becomes less miscible
until bulk phase separation occurs at 339 K (66 °C). The
affinity of the nonionic surfactant for the pigment surface
therefore increases with temperature allowing a higher surface
coverage, which is in equilibrium with the dispersed surfactant.
This can mechanistically explain the decreasing clustering of
elemental particles with increasing temperature. That is,
particle—surfactant attraction becomes greater than particle—
particle attraction as the miscibility of the surfactant decreases.
The degree of aggregation increases with temperature since the
reduction in primary size leads to an increase in the surface
area of the primary particles so that their ability to aggregate is
also impacted. So, with a decreased surfactant miscibility at
higher temperatures, we see a reduction in primary size and an
increase in aggregation. This could be used advantageously to
control pigment structure through manipulation of the
surfactant miscibility either chemically, thermally, or through
the use of additives such as cosolvents.

Figure 4 shows the calculated change in free energy for
dissociation of an elemental crystallite of PY14 from a primary
particle of PY14 and the calculated change in free energy to
mix an elemental crystallite of PY14 into the dispersing
medium across the temperature range from 283 to 353 K per
eq 6. The change in free energy of dissociation, AGf(O), is a
measure of the difficulty of removing an elemental crystallite
from a primary particle. On the other hand, the change in free
energy of mixing, AGj{y), is the change in free energy that
would be gained by an elemental crystallite mixing into the
dispersing medium. Additionally, the difference between
AGE'(O) and AGjy) represents the overall change in free energy
for the process of removing an elemental crystallite from a
primary particle, AG,(g). The positive values of AG)(since
AG‘{I(O) > AGHp) across the temperature range indicate that
the removal of an elemental crystallite from a primary particle
cluster is unfavorable. This result is consistent with the
observation of primary particles across the temperature range
probed. Trends in AG‘li(O) and AGYg) are plotted in Figure 4,
and the corresponding enthalpy and entropy for dissociation

Change in Free energy (kJ/mOlgementais)

5 T | T I T I T
280 300 320 340 360

Temperature (K)

Figure 4. Change in free energy vs T for the primary particle
structural level (i = 1) for the dilute sample of PY14 across the
temperature range from 283 to 353 K. The change in free energy
upon dissociation of an elemental crystallite from a primary particle
(orange circles) and the change in free energy upon mixing of the
elemental crystallite into the dispersing medium (green squares) are
plotted. Since the change in the free energy upon dissociation is
higher than the change in the free energy upon mixing, the overall
change in free energy for the removal of an elemental particle from a
primary particle is positive. This is consistent with the observation of
primary particles. The gray line corresponds to the cloud point of the
surfactant (339 K), and the values for AG‘li(O) and AGfy in the
temperature range corresponding to phase separation of pigment from
the solution (gray shaded region) are outliers to the dissociation
(orange) and mixing (green) fit lines. The plot of the change in free
energy vs T at this structural level (i = 1) for PB15:3 is shown in
Figure S2 in the Supporting Information.

and mixing are listed in Table 2. The values for AGf(O) and
AGT{g) above 339 K are outliers that do not fit the trends since
the trend should not continue at temperatures above the cloud
point of the Triton X-100 surfactant (339 K), as discussed
above.* AG‘f(O) > AGT(g) is also observed over the entire
temperature range resulting in positive AG;( values for
PB15:3 primary particles, as shown in Figure S2 in the
Supporting Information.

The change in the free energy of dissociation of a primary
particle from an aggregate, AGj(;), of PY14 and the change in
the free energy of mixing of the primary particle into the
dispersing medium, AGj(;), are shown in Figure 5. Here, the
dissociation and mixing approach were applied to the
secondary hierarchical structural level for the dilute (1.0 wt
%) sample of PY14 across the temperature range per eq 6.
Trends in AGg(l) and AGjy are plotted from 283 to 343 K,
and the corresponding enthalpy and entropy for dissociation
and mixing are listed in Table 2. The values for AGS(I) and
AGj(y) above 339 K are outliers that do not fit the trends due
to phase separation, as discussed above. Since aggregates of
primary particles were observed in USAXS/SAXS measure-
ments, positive values of AG,(y = AGg(l) — AGy) for the
removal of a primary particle from an aggregate are expected
across the temperature series. Furthermore, since Zy(1) was
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Table 2. Calculated Enthalpy and Entropy. (Enthalpy and entropy for dissociation of subunits from a cluster, mixing of
dissociated subunits, and overall enthalpy and entropy of the process for each adjacent structural level in PY14 and PB15:3
pigment nanoparticles from the fits to AG‘f(o), AGj(p) vs T and AGg(I), AG3);) vs T in Figures 4 and $, respectively)

AH* As? AH™ AS™ AH AS
PY14 (KJ/mol)  (J/(mol; K))  (kJ/ mol,) (J/(mol;, K))  (KJ/ moly))  (J/(mol, K))
dissociation of elemental subunits (0) from primaries (1) and S9+5S 126 + 16 30 +2 42+ 8 29+ S 84 + 18
subsequent mixing
dissociation of primary subunits (1) from aggregates (2) and -37+7 —208 + 24 -19+4 -125 + 12 -18+ 8 —83 +27
subsequent mixing
AH? AS? AH" AS™ AH AS
PB15:3 (&J/ moly)  (J/(mol; K))  (kJ/ moly) (J/(mol; K))  (KJ/ moly)  (J/(mol; K))
dissociation of elemental subunits (0) from primaries (1) and 63 +2 139 + 7 35+3 S8 + 10 28 + 4 81 + 12
subsequent mixing
dissociation of primary subunits (1) from aggregates (2) and —-34+8 —201 + 26 -17 + 4 -122 + 13 -17+9 -79 £+ 29
subsequent mixing
“Note that mol, indicates moles of subunits.
45 L | 1 l L I 1 Figure 6 shows the overall change in free energy (AGi(,-_l)d
PY14 - AGi(,-_l)m) for the process of removing an elemental subunit
3 — d -
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Figure S. Change in free energy vs T for the aggregate structural level
(i = 2) for the dilute sample of PY14 across the temperature range
from 283 to 353 K. The change in free energy upon dissociation of a
primary particle from an aggregate (orange circles) and the change in
free energy upon mixing of the primary particle into the dispersing
medium (green squares) are plotted. Since the change in the free
energy upon dissociation is higher than the change in the free energy
upon mixing, the overall change in free energy for the removal of a
primary particle from an aggregate is positive. This is consistent with
the observation of aggregates. The gray line corresponds to the cloud
point of the surfactant (339 K), and the values for AGg(l) and AGy()
in the temperature range corresponding to phase separation of
pigment from the solution (gray shaded region) are outliers to the
dissociation (orange) and mixing (green) fit lines. The plot of the
change in free energy vs T at this structural level (i = 2) for PB15:3 is
shown in Figure S3 in the Supporting Information.

observed to increase with temperature, AG, ) is predicted to
increase with temperature following eq 2. This suggests that
the change in entropy for removing a primary particle from an
aggregate is negative. A similar dependence of AG§(1> and
AGjyy) over the entire temperature range is also observed for
PB15:3 primary particles, as shown in Figure S3 in the
Supporting Information.

13106

Temperature (K)

Figure 6. Overall change in free energy upon the removal of an
elemental particle from a primary particle (red circles) vs T for the
primary particle structural level (i = 1) and the overall change in free
energy upon the removal of a primary particle from an aggregate
(green triangles) vs T for the aggregate structural level (i = 2) for the
dilute sample of PY14 across the temperature range from 283 to 353
K. AGy) and AGyyy are calculated using eq 6. The vertical line
corresponds to the cloud point of the surfactant (339 K), and the
experimental temperature range corresponding to phase separation of
pigment from the solution is shaded. The overall change in free
energy for the removal of a subunit from a structural level (i > 0) for
PB15:3 is shown in Figure S4 in the Supporting Information.

from a primary particle (i = 1) and removal of a primary
particle from an aggregate (i = 2) for PY14. The change in free
energy required to remove an elemental subunit from a
primary particle decreases across the temperature series.
Although the energy cost to remove an elemental subunit
from a primary particle is decreased at elevated temperatures,
one should note that removing an elemental subunit is still an
unfavorable process at temperatures below the cloud point of
the Triton X-100 surfactant. Furthermore, the positive AGy g
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Figure 7. Overall change in free energy, AG,) = AG,(;) + AG,q) (blue solid squares, left axis), upon the removal of an elemental crystallite from
an aggregate vs T for the aggregate structural level (i = 2) for the dilute sample of PY14 across the temperature range from 283 to 353 K. The
average overall change in free energy, AG), from 283 to 339 K is 11 % 0.7 kJ/mo0ljementass (blue dotted line, left axis). Comparison of average
number of elementals per aggregate, z,(5) = exp(AG3o)/RT) (red solid line, right axis), from eq 2 with z,(g) = 2,(1)z1(9) (black open squares, right
axis) as a function of temperature. Note that the red shaded region accounts for the error in the estimate of z,y) from AGj). The gray line
corresponds to the cloud point of the surfactant (339 K), and the experimental temperature range corresponding to phase separation of pigment
from the solution is shaded. The overall change in free energy upon the removal of an elemental crystallite from an aggregate vs T and an estimate
of the average number of elementals per aggregate from the total change in free energy for PB15:3 is shown in Figure SS in the Supporting

Information.

is consistent with the observation of primary particles in the
sample since a negative change in free energy required for an
elemental subunit removal would suggest spontaneous break-
age of the primary particle into free elemental particles. AG; g
has a positive entropy change indicating normal breakup of
elementals from the primary particle to make a disordered
dispersion. In the same vein, a positive value of AGy is
consistent with the observation of aggregates and is expected
based on the analysis of the small-angle scattering data for
PY14 in the series of temperature measurements. Although the
process is energetically unfavorable, this result is expected since
aggregates of pigment primary particles are observed. Contrary
to AGy(g), AGy(p) has a negative entropy change. This might be
explained using the hydrophobic effect, that is, upon the
removal of a primary from an aggregate, water might organize
around the primary particle leading to a reduction in the
entropy of the system.”* The trends in AG ) and AGy) in
Figure 6 are consistent with the variation in the average
number of primary particles in an aggregate and the average
number of elemental particles in a primary particle with
temperature. Similar trends for PB15:3 in the overall change in
free energy, AG;) and AGy ), with increasing temperature
are shown in Figure S4 in the Supporting Information.
Figure 7 shows the overall change in free energy (AG,())
for the process of removing an elemental subunit from an
aggregate (i = 2) of PY14. AG, ) was estimated from the sum
of the changes in free energy for adjacent structural hierarchies,
AG,() and AGy (), and can be read from the left axis. AG,y

seems to be a constant with an average value of 11 + 0.7 kJ/
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MOl yementas OVer the temperature range until the cloud point
(at 339 K) of the surfactant, beyond which a slight deviation is
observed. The same result can also be inferred from Table 2
since the overall change in entropy for the dissociation and
mixing of sub-subunits (elementals) from aggregates, AS,) =
ASy (o) + ASyq) & 0. The average value, AG3g), was used to
estimate the average number of elemental crystallites per
aggregate, z,) = exp(AGj)/RT), from eq 2, over the
temperature range and can be read from the right axis. Note
that the red shaded region indicates the error in the estimate of
Zy(0)- This estimate was compared to the actual average
number of elementals per aggregate, z,() = z3(1)21(g) and can
be read from the right axis in Figure 7. The two approaches
yield similar results within error with increasing temperature
until the cloud point of the surfactant (339 K). This confirms
that the thermodynamics of dissociation and subsequent
mixing of sub-subunits at a higher structural level can be
ascertained if the average number of subunits at each adjacent
structural level over a temperature series is known. A roughly
constant value of AG, indicates an exponential decay in
aggregate mass, z,(g), with increasing temperature from eq 2.
This result combined with the trends in z,(;) and z, ) shown in
Figure 2 indicates that the aggregates grow at the expense of
the primary particles and the ink is expected to be composed of
larger aggregates with smaller primary particles and more free
elementals with increasing temperature. A similar result is
observed for PB15:3 pigment nanoparticles as shown in Figure
SS in the Supporting Information, wherein the reduction in
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Figure 8. Rearrangement of simulated® nanoparticle pigment PY14 aggregates with increasing temperature. At higher temperatures, the overall
change in free energy to remove an elemental crystallite from a primary particle is decreased. Simultaneously, the overall change in free energy to
remove a primary particle from an aggregate is increased across the temperature series. The total aggregate mass (proportional to the number of
elemental particles in an aggregate) is observed to reduce with temperature as the aggregates rearrange to form new equilibrium fractal structures.

2y(0) With increasing temperature follows the slight deviation in
AG,() within error.

For both pigment yellow 14 and pigment blue 15:3, positive
AG (), positive AG,(;), positive AS ), and negative AS,() for
the removal of subunits are calculated. This suggests a
rearrangement of the aggregates to increase z,;) at the
expense of primary particle size, z;(), with increasing
temperature as mentioned in Table 1. Furthermore, the
exponential decrease with temperature in aggregate mass, z;(o),
indicates that the rearrangement predicted above applies such
that additional elemental crystallites are removed from both
PY14 and PB15:3 aggregates. Combining these results, Figure
8 depicts the rearrangement of the pigment nanoparticle
aggregates with increasing temperature for PY14. These
aggregate structures were simulated using scattering structural
data and the code provided by Mulderig et al.*®

In this work, an attempt was made to determine the
thermodynamic behavior of the structural hierarchy of the
PY14 and PB15:3 nanoparticles in thermal equilibrium for the
primary particles (structural level i = 1) and the aggregates
(structural level i = 2). Although tertiary particles (agglomer-
ates) were not investigated, the theory developed by Vogtt
should be applicable to higher structural levels in hierarchical
materials if they exist at thermal equilibrium.”’

B CONCLUSIONS

The thermodynamics of reversible aggregation was investigated
for surfactant-stabilized fractal nanoparticles dispersed in an
aqueous solution. A marked decrease in primary particle size
(and aggregate size) was observed in the USAXS and SAXS
measurements with increasing temperature as the cloud point
for the surfactant was approached. The affinity of the surfactant
for the surface of the pigment particles increases as its
solubility decreases with temperature. Since the organic
pigments are soft aggregates, the nanoparticle aggregates are
able to break apart and rearrange to form equilibrium
structures for each temperature. The Scherrer equation was
used to determine that the primary particles were polycrystal-
line and composed of elemental crystallites that could
reversibly dissociate or associate with the primary particles
for both PY14 and PBI1S:3. As the temperature increased
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across the series, the aggregate mass was observed to decrease
for PB1S:3, but it stayed constant for PY14. However, both
pigments showed the dissociation of elemental subunits from
the primary particles reducing the primary particle size. The
degree of aggregation increased due to the increased surface
area of the primary particles with higher temperature. Using
the theory developed by Vogtt, the change in free energy of
dissociation and the change in free energy of mixing were
calculated and compared for each structural hierarchical level.
The energy barrier for dissociation of elemental subunits was
observed to decrease with temperature until the cloud point of
the surfactant. However, the energy barrier to remove an
elemental subunit from a secondary particle (aggregate) was
determined to be positive and relatively constant across the
temperature range. The positive energy barrier to elemental
particle dissociation is consistent with the observation of
nanoparticle aggregates in the pigment-based inks.

A new approach to calculating the free energy of
nanoaggregates is demonstrated for these pigment aggregates.
The model allows predictive control over nanoaggregate
structure through the modification of the surfactant, control
of temperature, and modification of the surfactant miscibility
through a change in surfactant solubility due to the addition of
additives, although the application may be limited when
various types of organic and inorganic pigments are used. The
thermal control of pigment structure could prove to be a useful
tool for the design of pigments for numerous applications.
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