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Organic small molecules continue to gain attention for application in light-emitting devices in displays and solid-state
lighting. The purification of these materials by sublimation represents a critical obstacle for their high throughput proc-
essing. In this work, we find that the purification of the archetypical hole-transporting material N,N'-bis(naphthalen-1-
yl)-N,N'-bis(phenyl)-benzidine («-NPD) is controlled by a combination of viscous flow, Knudsen diffusion, and physical
vapor deposition. In contrast with other commercially practiced sublimations, steps like diffusion within the solid feed,
desorption from the feed particle surface, and mass transfer within the bed of feed particles, do not significantly affect
the sublimation rate. This work provides guidelines for the large-scale purification of organic semiconductor materials,
and possibly for a broader range of high value small molecule specialty materials. © 2014 American Institute of Chemi-

cal Engineers AIChE J, 60: 1347-1354, 2014
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Introduction

Since the first report of an organic light-emitting device
(OLED) by Tang and VanSlyke,' there has been intense
research into the development of novel materials and device
architectures for the realization of high luminescence efficien-
cies and long device lifetimes.>> Less attention has been
directed to the development of techniques to realize the large-
scale synthesis and processing of these materials at the level
needed for widespread adoption in display and solid-state
lighting technologies. Currently, most commercially available
OLED displays use small molecule, low molecular weight
organic semiconductors that are purified using thermal gradient
sublimation,“’5 shown schematically in Figure 1. In this method,
the crude material is heated in an open container called a
“boat.” Vapor flows out of the boat down the collection tube
until it deposits on a colder part of the tube wall, where it is
manually collected. Although this method can often be used to
realize high material purity, it is slow, has low-throughput,
and may be subject to substantial run-to-run variations.

In this work, we report detailed sublimation experiments for
the archetypical hole transport material N,N’-bis(naphthalene-
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1-y1)-N,N’-bis(phenyl)-benzidine («-NPD).%”? Rate-controlling
mechanisms are elucidated by characterizing how the
sublimation rate varies with purity, system geometry, and treat-
ment time. With a model describing the sublimation of o«-NPD
and the relevant rate-controlling steps, we show how these mech-
anisms can be modified and extended to large scale production.

Theory

The controlling rate in the sublimation process is the prod-
uct of the key surface area involved and the flux. The product
of the area and the flux, integrated over time, is the mass sub-
limed or yield of the process. Here, eight possible rate-limiting
mechanisms are analyzed in significant detail, based on those
observed for other systems throughout the literature.'®!”
These mechanisms are shown schematically in Figure 1, and
the corresponding areas and fluxes for each of these mecha-
nisms are summarized in Table 1. For the case where the sys-
tem is limited by mass transfer from the boat to the collection
zone, there are three specific mechanisms which are discussed
in detail below. A discussion of the other mechanisms in Table
1 is available in Supporting Information.

The first mechanism where mass transfer in the tube from
the hot vapor to the cold collection zone controls the subli-
mation rate is sometimes called the Hertz—Knudsen limit (6a
in Table 1).">"'7 The flux j; is simply the product of the
vapor concentration ¢; and the molecular velocity u;
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Figure 1. Sublimation system schematic and illustration of rate-limiting steps in a vacuum sublimation process.

The numbers correspond to the mechanisms listed in Table 1.
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where p; is the partial pressure of the target species, which
for a nearly pure feed almost equals the total pressure; and
my is its molecular mass. The critical area in this case is
simply the cross sectional area of the tube. This leads to a
sublimation rate that is constant with time and proportional
to the square of the tube radius.

The second mechanism involving mass transport in the
collection tube is that of diffusion (6b in Table 1). When sat-
urated vapor above the boat diffuses down a collection tube
of length L, the flux is

._D D (pim
= = 2
h=pa=1 ( kBT> )
where D is the Knudsen diffusion coefficient given by'°
d d kT
p=_92 8ks 3)
3 3 iy

and d is the diameter of the collection tube. This relation
holds only if the mean free path in the vapor is much larger

than the diameter of the collection tube; that is, if the Knud-
sen number is large. Again, the important area is the cross
sectional area of the tube. This also yields a sublimation rate
which is constant with time; however, the rate is propor-
tional to the tube radius cubed.

The final mechanism where transport in the tube is con-
trolling is that of viscous flow (6¢ in Table 1). The laminar
velocity is

V= (4)

where p is the viscosity given by

2 \/mlkBT
2

vy R (&)
The overall flux j; is
. pim
= 6
J1 {2/(]37}\/1 (6)

where the quantity in square brackets is the average concen-
tration. Once again, the critical area is that of the tube cross
section and the sublimation rate is constant with time. In this

Table 1. Key Equations for Different Sublimation Mechanisms

Rate-Limiting Step State of Solid Key Area Flux j,
1 Diffusion in solid Impure particles Particles [prolia (solid
at 1
2 Diffusion through ash Mixed particles Particles or boat [Dash ¢0ld (YT
o
Surface desorption Nearly pure particles Particles keselid
4 Diffusion away from particles Nearly pure particles Particles 2DV P
5 Mass transfer away from boat Nearly pure particles Boat key ™"
6a Hertz—Knudsen Nearly pure particles Tube Ciui
4
6b Vapor diffusion Nearly pure particles Tube DYper ey
L
6¢ Viscous flow Nearly pure particles Tube vy
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Figure 2. Temperature profile of the sublimation sys-
tem.

The temperature drop is linear outside of the heated
region.

case, the sublimation rate is proportional to the tube radius
to the fourth power.

From the characteristic equations for each of the mecha-
nisms in Table 1, the variation of the sublimation rate can
be calculated as if each was separately rate controlling. For
feeds of varying purity, the first four mechanisms are
expected to yield a sublimation rate that is nonlinear in time,
whereas the last four mechanisms predict a rate which is lin-
ear in time. Only the last three mechanisms predict that the
rate will vary with collection tube radius and only the last
two show a dependence on the tube length. These predic-
tions are compared with the sublimation experiments
described in the next section.

Experimental
Materials synthesis

o-NPD was chosen as a model material due to its wide
commercial availability and use as a traditional standard in
organic electronics.> In addition to material obtained com-
mercially from Sigma—Aldrich [99.3% pure by high pressure
liquid chromatography (HPLC)], a-NPD was prepared by a
palladium-catalyzed amination reaction over the course of
three batches that followed the general synthetic protocol
described in Supporting Information. These batches were
combined to give 206 g of «-NPD that was analyzed by
HPLC to be 99.2% pure. This material was used to conduct
the sublimation rate experiments discussed in this article. To
test the effect of purity on the hypothesized rate-controlling
steps, a second batch of «-NPD was deliberately synthesized
with significantly lower purity via an alternative synthetic
route also described in Supporting Information, yielding 37 g
of product that was identified as 77.5% «-NPD by HPLC.

Sublimation

As described above, the rate of sublimation of «-NPD was
measured under a variety of process conditions. The appara-
tus used, shown schematically in Figure 1, consists of a
quartz collection tube in a furnace. One end of the tube con-
tains «-NPD in an open boat. The boats used have a constant
width of 3 cm with a length varying from 3.8 to 25 cm. All
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glassware used during experimentation was thoroughly cleaned
using a 3:1 sulfuric acid and 30% hydrogen peroxide etch fol-
lowed by a 500°C bake under vacuum. After loading each
sample, the system was allowed to pump down to a base pres-
sure of 107> Pa at 120°C in order to remove any remaining
solvents. The temperature of the tube was 260°C where the
tube was radiantly heated, but dropped linearly at the end of
the heated zone, as shown in Figure 2. This linear drop is con-
sistent with heat transfer occurring only by conduction along
the walls of the tube. It is inconsistent with the more nearly
exponential drop expected from a cooling fin.

Analytical

Sample purity both before and after sublimation was char-
acterized using HPLC and mass spectroscopy. Purity of the
materials was determined by HPLC area percent assay.
Structural confirmation of «-NPD and major synthesis impur-
ities was performed with a combination of mass electrospray
ionization mass spectrometry and electrospray ionization tan-
dem mass spectrometry (ESI-MS/MS). In depth analytical
procedures and MS data are presented in Supporting
Information.

Results

The primary impurities observed in the 99.2% «-NPD,
shown in Figure 3, were readily removed using a single sub-
limation purification, yielding a product >99.9% pure by
HPLC. Even in the case of impure (77.5%) starting material,
a product with over 99% o-NPD by HPLC was produced.
These results are summarized in Table 2. The product purity
was found not to depend on the process conditions as studied
in this article, but only on the initial purity. The ease of this
separation is attributed to the significant difference in molec-
ular weight between «-NPD and its primary impurities. Inter-
estingly, when a feed that is 77.5% pure o-NPD is used, the
rate is within experimental error of that observed with the
purer feed, although the resulting product was less pure.

The amount sublimed is directly proportional to time, as
shown by the sublimation data presented in Figure 4. In
other words, the sublimation rate is not a function of time.
This is inconsistent with the first four mechanisms presented
in Table 1. This indicates that sublimation of «-NPD is not
controlled by diffusion within particles or ash, by surface
desorption, or by diffusion away from particles.

The amount sublimed was also found to be independent of
particle size and material loading depth in the boat. To study
the effect of particle size, powder with an average particle
size on the order of 10 um used in most experiments was
compressed in a 10 ton press to make pellets 1 cm in diame-
ter and 2-3 mm in height. Starting with the same initial
mass, the o-NPD pellets were found to sublime at the same
rate as the loose powder. These tightly pressed pellets pro-
vided an extreme test for any dependence on particle size. In
the same sense, the depth or initial loading of particles in
the boat has no effect, as shown by the data in Figure 5a. In
this figure, the mass sublimed is plotted as a function of the
initial mass loaded into the 3.8-cm long boat. Although the
initial mass varies by a factor of four, the sublimation rate
varies by about * 10%, which is within the experimental
error. Again these results show that the sublimation of o-
NPD is not limited by the first four mechanisms in Table 1.

At the same time, the length and especially the diameter
of the collection tube are found to affect the sublimation

DOI 10.1002/aic 1349



Chemical Formula: Cy44H7gN>
Molecular Weight: 633.09 g/mol

Chemical Formula: CggH1g3N3
Molecular Weight: 866.48 g/mol

Chemical Formula: C75H423N3
Molecular Weight: 1030.77 g/mol
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Figure 3. (a) Molecular structure for «-NPD and (b, c¢) Primary impurities.

rate. The effect of tube length can already be inferred from the
data in Figure 4. In particular, the mass sublimed for the 25-
cm boat is systematically greater than that for the 3.8-cm boat.
This arises from minor differences in experimental geome-
try. As the boats are always placed at the extreme of the hot
end of the collection tube, the center of the largest boat is
implicitly placed closer to the cold end than the center of the
smallest boat. Thus, vapor sublimed from the larger boat
travels a shorter distance to reach the collection zone. This
causes the systematic difference shown in Figure 4.

To examine this more directly, sublimation rates were
measured for the 3.8-cm boat placed at different distances
from the collection zone. The results, shown in Figure 5b,
show that larger sublimation rates occur at smaller distances.
This dependence on transport length is not predicted by the

Table 2. Purity of a-NPD Before and After Sublimation

Material Source Initial Purity (%) After Purification (%)

Sigma—Aldrich 99.3 99.9
Dow 99.2 99.9
Dow 71 99.0

High purity was achieved even for impure starting material.

1350 DOI 10.1002/aic
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Hertz—Knudsen equation, but instead is consistent with both
flow and diffusion.'® However, reducing the distance sub-
limed by a factor of two increases the sublimation rate by
only a factor of 1.4, less than the factor of two predicted for
diffusion or flow, that is, by Eqgs. 2 and 6. The results for
sublimation with different collection tube diameters, shown
in Table 3 and Figure 6, are much more definitive. They
indicate that the sublimation rate varies with the square of
the collection tube diameter. This seems consistent with the
Hertz—Knudsen equation, and not with Knudsen diffusion or
with viscous flow. However, this conclusion is less exact
than it first appears, as discussed in the first section of the
discussion.

The sublimation rate is a strong function of the tempera-
ture, as shown by the data in Table 3. This is the result of
the vapor pressure of «-NPD, which when measured by an
isothermal thermogravimetric effusion method'® at tempera-
tures from 325 to 425°C varies as

pr,Pa=1.1-102eT8 0]

If Eq. 16 is extrapolated to the lower temperatures used
here, the vapor pressure is 0.7 Pa at 260°C, and about 10

April 2014 Vol. 60, No. 4 AIChE Journal
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Figure 4. Mass sublimed with respect to time for vari-
ous source boat lengths.
Mass sublimed is linear with respect to time. The differ-
ence in slope is due to a change in transport length dic-

tated by the system geometry, not an increase in boat
area.

times larger at 290°C. This is roughly the increase observed,
even though the extrapolation is over 50 times below the
smallest vapor pressure measured.

Discussion

Although the results clearly show that mass transfer down
the tube is the rate-limiting step for sublimation, the exact
mechanism is less clear. This section explores the possible

Table 3. Sublimation Rate Data for Various Operating Tem-
peratures and Tube Diameters

Temperature (°C)  Tube Diameter (cm)  Sublimation Rate (g/h)

260 2.3 0.036
260 3.0 0.067
260 35 0.090
290 2.3 0.594
290 3.0 0.967

Sublimation rate increases exponentially with temperature and linearly with
the square of tube diameter.

physics involved and then discussing methods by which this
process could be scaled up.

Sublimation mechanism

To determine the exact mechanism for mass transport
down the tube, it is important to note that the total mass sub-
limed per unit time is constant between the sample boat and
the start of the collection zone. The mass flux, which is a
product of the density p and the velocity vy, is also constant.
Thus by a mass balance, the sublimation rate should vary
with the cross sectional area of the collection tube, and
hence with the tube radius squared. This is consistent with
the results in Table 3 and Figure 6. However, while pv; is
constant, the detailed variations of p and v, are unknown.
For example, for «-NPD at 260°C in the 3-cm diameter col-
lection tube, the sublimation rate is 0.067 g/h, so pv; is 2.6
X 1077 kg/m* s. Calculating the Reynolds number for this
case yields Re= 214 =023, indicating that the flow is lami-
nar. At the same time, the Knudsen number, which is simply
the ratio of mean free path Z and the tube diameter d, can be
calculated by approximating the collision diameter ¢ of o-
NPD as 2 nm based on its molecular structure. At the tube

mechanisms in more detail, speculating on the detailed inlet, this is Kn= ﬁ = \/Ek;—a];,m =0.1. This result implies that at
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Figure 5. (a) Mass sublimed after 6 h for various initial charges of a-NPD.

The numbers above the data represent the initial depth of material in the sample boat. Sublimation rate is independent of initial

loading.

(b) Sublimation rate as a function of the distance to the collection zone.

The rate increases as the distance to the collection zone decreases, signifying a dependence on transport down the tube.

AIChE Journal April 2014 Vol. 60, No. 4

Published on behalf of the AIChE

DOI 10.1002/aic 1351



0.10 —r———1—vr—v—r——1—7—r
® Sublimation Rate at 260 °C 114
_‘E w Sublimation Rate at 290 °C 1 w
S 008 412 &
S 1.0 g’
o {10 &
& oosl =
© Jos &
2 @
© 1 o]
E 04} = 406 o
= ©
e ’ =)
g J04 O
S o0o0zf =
>
@ Jo2 =
000 A 1 A 1 i L i 1 A L i L i 00

00 05 1.0 15 20 25 3.0 35
Tube radius® (cm?)

Figure 6. Sublimation rate as a function of the tube
radius.
The data are presented on two axes to account for the

temperature dependence of vapor pressure. The rate is
proportional to the square of the tube radius.

the inlet many collisions are intermolecular, but that collisions
at the wall are frequent enough to cause some slip.'”™'
Farther down the tube, Knudsen diffusion will be still more
important and slip will be larger. Finally, once the vapor
enters the collection zone, material begins to stick to the wall
and deposition becomes important.

These considerations suggest that there are multiple mech-
anisms behind mass transport in the tube. More specifically,
they suggest that between the boat and deposition zone, lam-
inar flow and Knudsen diffusion occur in parallel. Both these
transport mechanisms are inversely proportional to the dis-
tance between the boat and the deposition zone. In addition,
after these parallel mechanisms, there is in series a resistance
due to deposition Rpep. Thus

Total Vapor Pressure L
=Rpep + L
Total Mass Flux + 7

Rriow

®)

This expectation is tested in Figure 7. The positive intercept
on this plot is the sublimation expected at zero tube length,
which is the contribution of deposition. The changes at finite
length are the reduction in sublimation rate caused by finite
flow and diffusion rates down the tube: the slower the flow
and diffusion, the slower the sublimation.

With additional approximations, the data in Figure 7 can
be compared with values expected from the theory outlined
above. To begin, we assume that whatever flows exist follow
the Hagen—Pouseille relation®** (Eqgs. 4-6) and Fick’s Law
(Egs. 2 and 3). Then, note that the flux in the collection tube
is

2 _
= d %+p1m1d (P1—pic) _ m s 9
3 kBT 64ukBT L ZkBT

where p. is the pressure at the start of the collection zone.
Thus, (p1 — pi1c) is the pressure difference responsible for
flow, whereas (p./kgT) is the concentration for deposition.
The deposition process can be modeled using the equations
developed by Hertz and Knudsen, which is often called
physical vapor deposition'>~'7*>¢ and is based on the total
number of molecules impacting the surface for a given vapor

1352 DOI 10.1002/aic
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concentration. Eliminating the unknown pressure p;. and
rearranging yields

1 1 [2RT 1 1
— +

%dzpl M, %dzpl d /8M,
3 nRT

&M p;
64uRT

(10)

where the Boltzmann constant and the mass per molecule
have been replaced with the gas constant and the molecular
weight.

This result can be compared directly to experiment
because the quantity in square brackets of Eq. 10 is the inter-
cept in Figure 7, and the quantity in braces is the slope
shown in that figure. For the conditions given above, the
experimental intercept of 5 h/g is compared with the theoret-
ical value of 0.4 h/g. In other words, the experimental flux
for physical vapor deposition is 10 times less than the
theory. This discrepancy, similar to that seen in many inor-
ganic systems, was first observed for Hg by Hertz.'> It was
rationalized by Knudsen'® through the introduction of a
sticking coefficient, that is, the fraction of incident molecules
which are incorporated into the solid. From this, the sticking
coefficient of «-NPD is approximately 0.1, which is similar
to those observed in other systems.17

The slope of inverse total flux vs. tube length L is seen
from Figure 7 to be about 37 h/g m. That found from Eq.
9 is 15 h/g m. Due to the approximations involved, we do
not argue that this is exact, but only that it is consistent
with the mechanism proposed. This provides a sharper
image of the physics behind this sublimation than previ-
ously held.

Scale-up of purification by sublimation

Using this basic understanding of the mechanism, proc-
esses for increasing the productivity of small scale sublima-
tion can be considered. This can be done by improving the
existing batch process, or by switching to a more continuous
operation. Both strategies will be considered.

-
=2}
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Figure 7. Plotting the inverse sublimation rate against
the distance to the collection zone separates
the resistance due to transport from the
resistance due to deposition.

The slope represents the transport component and the
y-intercept represents the deposition component.
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To scale-up the existing process, consider increasing the tem-
perature and the diameter of the collection tube. Increasing the
temperature does not significantly increase the molecular veloc-
ity, but it exponentially increases the vapor pressure and so the
sublimation flux. For example, an increase in temperature from
260 to 290°C increases the vapor pressure of «-NPD by a factor
of 10, making the sublimation 10 times more productive.
Although it provides a sharply increased vapor pressure, higher
temperature risks degradation of the active material. Although
degradation was found to be minimal in these experiments, it
could be more serious for other compounds and must be eval-
uated on a case by case basis. Increasing the diameter of the
collection tube gives an increase that is proportional to the
square of the tube radius. However, the tube diameter should
not greatly exceed the tube length, because then larger amounts
of impurities may be more difficult to remove. Reducing the
tube length will not normally give large increases in sublima-
tion rate.

To test these generalizations, data were obtained from an
industrial sublimation unit operated by The Dow Chemical
Company. A similar system geometry was used with a compa-
rable organic material at a temperature such that its vapor pres-
sure was 100 times that of those in this study. The tube
diameter was increased from 0.030 to 0.30 m, so that the area
increased by a factor of 100. The length was reduced from 0.46
to 0.10 m, increasing the rate two times. This suggests an
increase in sublimation rate 20,000 times larger than that of the
system used for this study, from 0.067 g/h to over 1000 g/h.
This estimate agrees with the data obtained from Dow.

These experiments also suggest ways in which sublimation
can be operated more continuously. The obvious way is to
pump an inert carrier gas like nitrogen or argon at higher
pressures through a packed bed of small particles of the
active material to produce a vapor which is at least 30% sat-
urated. This vapor is then cooled to form purified crystals.
Such a process can easily use a convective velocity of 10 m/s
or greater, and so has the potential to have a rate of over a
factor of 10 greater than the batch processes described in
this article. Such a process is sometimes called “entrainer
sublimation®”” and is often used to grow large single crystals
of organic molecules.”® Reaching this potential will hinge on
carefully designing the zone of the sublimator where the
crystals are collected. Because the vapor is moving rapidly
and may have slower mass transfer than in the low pressure
gas used currently, this zone should be longer and probably
offer more surface area.”’”>° At the same time, it should still
allow the crystals to be harvested easily. This may be diffi-
cult to achieve and may be less attractive than more conven-
tional, large batch operations.
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Notation

A = area
¢y = concentration
d = collection tube diameter

AIChE Journal April 2014 Vol. 60, No. 4

D = diffusion coefficient

Ji= flux

k = rate constant for mass transfer
kg = Boltzmann constant

Kn = Knudsen number

M,

[ = ash thickness
L = collection tube length
m; = molecular mass
M = mass
molecular weight
p1 = partial pressure
r = radius of particle
R = gas constant
Re = Reynolds number

Rpep = resistance due to deposition
Rp;s = resistance due to diffusion
REjow = resistance due to flow

Li

1.

2.
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t= time

T = temperature
u; = molecular velocity
vy = convective velocity
A= mean free path

1= viscosity

= density
o = collision diameter
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