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Abstract—The centimeter-sized naphthalene, anthracene, and tetracene crystals have been grown from the
vapor phase. An isothermal thermogravimetric method for determining the sublimation enthalpy during
crystal growth under conditions of classical physical vapor transport is proposed. The sublimation enthalpy
has been calculated using the obtained approximate equation for the temperature dependence of the inten-
sity of the flux of molecules sublimating from the solid surface in the quasi-steady-state mode. The subli-
mation enthalpies of the linear acenes under study have been determined in narrow temperature ranges to be
71 £ 2 kJ mol~! (328—353 K), 96 + 3 kJ mol~! (423—458 K), and 124 + 11 kJ mol~! (513—573 K) for naph-
thalene, anthracene, and tetracene, respectively. The found values are in good agreement with the experi-

mental data in the literature.

DOI: 10.1134/S1063774522040137

INTRODUCTION

Physical vapor transport (PVT) is the most effi-
cient method for growing centimeter-sized (0.2—2 cm)
single crystals of poorly soluble conjugate semicon-
ductor organic molecules. Due to the specific growth-
medium conditions (temperature-field gradient, weak
inert-gas flow), this method provides high-purity
crystals with the highest structural quality for shorter
times in comparison with the solution methods in the
case of materials with low solubility [1—3]. In addi-
tion, the high consumption efficiency of material
(which may be fairly expensive) is another important
advantage of PVT as compared to the solution crystal-
growth techniques.

In analysis of the processes of crystal formation and
growth from vapor phase, the sublimation enthalpy
AHjg is a key thermodynamic value, which plays the
role of measure of the interaction energy between the
nearest neighbors [4]. To date, there exist some meth-
ods for determining its value: calorimetric method [5,
6], Knudsen effusion method [7, 8], manometric
method [9, 10], quartz-cavity method [11], gas satura-
tion method [12, 13], thermogravimetric method [14,
15], and inert-gas flow method [16]. Concerning the
conditions and specific features of mass exchange, the
latter method is the closest to PVT. Unfortunately, for
most research groups, which focus on the growth and
properties of crystals of novel, largely unstudied mate-
rials, these techniques are often not readily available.

In this context, a question arises whether it is possible
to determine the sublimation enthalpy of an organic
one-component crystal according to a significantly
simplified scheme, based on static thermogravimetric
measurements with the use of PVT in a stationary
weak flow of an inert gas, which conditions (jointly
with the temperature gradient) the mass transfer of
sublimating molecules in the growth tube from a
material source to the crystal growth zone.

The purpose of this study was to analyze the model
of mass transfer of sublimating molecules, located in
equilibrium above the surface of related crystalline
material in an inert atmosphere under close-to-nor-
mal conditions. The experimental results of studying
the crystal growth, crystal structure, and temperature
dependence of the intensity of crystalline-material
weight loss at isothermal exposure under PVT condi-
tions are presented by an example of well-known
materials from the family of linear acenes (naphtha-
lene, anthracene, tetracene).

EXPERIMENTAL
Materials

Naphthalene (99%), anthracene (99%), and tetra-
cene (98%) (Sigma-Aldrich) were used. Nitrogen
(grade 6; NII KM, Moscow) was used as an inert gas
for growth-tube purging during crystal growth.
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Crystal Growth and Analysis of the Material Weight Loss
at Sublimation

The PVT system for growing crystals in a gradient
temperature field was designed according to the classi-
cal scheme [1, 2]. The inner diameter of the growth
quartz tube was 19 mm. In the experiments, the
growth tube was purged using a weak nitrogen flow
with a consumption of ~0.2 L/h. The inert-gas flow in
the growth tube was controlled using a RRG-12 flow-
rate indicator with external RRG-K interface (Eltoch-
pribor, Zelenograd). The source temperature was
monitored and controlled using a Termodat-16K6
temperature controller (Sistemy kontrolya, Perm).
The error in automatic temperature setting near the
source was 0 < 0.5 K. The material source was located
in a commercial 2-mL glass vial with an output hole
5.9 mm in diameter, into which a homogeneous layer
of the crystalline material under study was poured
(powder mass 50—100 mg). The total error in source-
temperature setting did not exceed 1.5 K. The mass of
the source with material before and after experiment
was determined using an AUW-220D analytical bal-
ance (Shimadzu) with an allowable error of 0.1 mg
(accuracy class according to GOST (State Standard)
24104-1). The time of each growth experiment was
fixed: 4 h for naphthalene and 5 h for anthracene and
tetracene. Three experiments were performed for each
temperature of the material source. The thicknesses of
crystalline films and plates were determined using an
Olympus LEXT OLS 3100 confocal microscope.

X-Ray Diffraction (XRD) Analysis

Structures of the largest single-crystal films and
plates were investigated on a Miniflex 600 X-ray pow-
der diffractometer (Rigaku, Japan). The XRD param-
eters were as follows: Cuk,, radiation, A = 1.54178 A,
scan rate 2 K/min. The crystal samples were fixed on
a quartz substrate using drops of water or alcohol, and
XRD reflection from the most developed plane crystal
surface was recorded.

DERIVATION OF THE EXPRESSION
FOR THE TEMPERATURE DEPENDENCE
OF THE MATERIAL-SUBLIMATION
INTENSITY

Let us consider a solid, material of which at given
pressure and temperature can be in equilibrium (not
passing to the liquid state) with only its saturated
vapor. Let this body be placed in a gas medium under
close-to-normal conditions and the saturated vapor
pressure of this material be much lower than the pres-
sure of carrier inert gas. In this case, if the environ-
ment partial pressure of this material is smaller than
the saturated vapor pressure, vapor sublimation from
the body surface occurs. If the vapor pressure in the
medium exceeds the saturated vapor pressure, solid
sublimation from vapor occurs and the solid volume
increases.
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In the quasi-steady-state approximation, a current
distribution of volume vapor concentration n(x, y, z) is

described by the Laplace equation Vin = 0, and the
sublimation fluence is described by Fick’s law j =
—DV n, where D is the vapor diffusion coefficient in
the gas medium. The Maxwell boundary conditions
are as follows: the vapor concentrations on the body
surface S and at large distance from it are equal to the
saturated vapor concentration n, and some value .,
respectively. The number of molecules sublimating
from the surface per unit time is determined by the
integral of fluence over the body surface

I = jdS = D(n, — n,,)F(S), @9
¥

where F(S) is some function, determined by only the
solid geometry. For example, if the solid is a hemi-
sphere, whose flat side lies on a planar substrate, F' =
2R, where R is the hemisphere radius [17, p. 375].

According to the molecular-kinetic theory of gases,
the expression for the diffusion coefficient for a minor
gas impurity, consisting of molecules of the same type,
is as follows [18, p. 145]:

/
D=2, ()
3

where v = 2kgT /u)l/ * is the average relative colli-
sional rate of impurity and carrier gas (external atmo-
sphere) molecules, U is the reduced mass of colliding
particles, kg is the Boltzmann constant, / = 1/(n,0) is
the mean free path of vapor molecules in the carrier
gas (it is assumed that vapor concentration is much
lower than the carrier inert gas concentration, #, < n,),
and o is the collisional cross section for vapor and car-
rier-gas molecules. Since the constant carrier-gas
pressure p = nokg T, the temperature dependence of the
mean free path is determined by the formula

| = kgT' /po. It is assumed that the collisional cross

section barely depends on temperature. In this
approximation,
3/2
p = Y2l 3)
3p<5\/:L

The saturated vapor pressure above the material-
source surface can be defined as a function of tem-
perature according to the following formula ([19,
p. 295]:

P* = AT """ exp(~AHy,/RT), 4)

where A is a constant, ¢, is the isobaric molar specific
heat of vapor, c is the specific heat of solid, and AHj,
is the sublimation enthalpy at 0 K. The sublimation
enthalpy at an arbitrary temperature 7 is described by

the formula [19, p. 295]
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Let us assume that n, > n. under experimental
conditions, so that the vapor concentration at a large
distance from the sublimating body in formula (1) can
be neglected. Having substituted (3) and (4) into (1),
we obtain the sublimation rate of a solid as the follow-
ing function of temperature:

_ A2kg T/ R+1/2

3 pG\/rL

Having denoted the experimental constant as

¢ = M2k g, 7)

3 pG\/p_L

one can write expression (6) in the form

I =CT“ """ exp(-AHg ,/RT). (8)

Taking into account that the number of molecules
sublimated per unit time is I = Am/(M7) (Am is the
mass loss of the weight, T is the experiment duration),
an experimental measurement of /(7) makes it possi-
ble to find the sublimation enthalpy at zero tempera-
ture based on temperature dependence (8) and recal-
culate it with respect to the experimental temperature
using formula (5).

For data processing, it is more convenient to trans-
form (8) into

1 exp(-AHg,/RT)F(S). (6)

AH
In/ =InC+(0.5+(c, —c)/R)InT — R;}O. 9)

Let us now pass to the coordinate x = 7-!in Eq. (9).
Then,

Hox

In/ =InC—-(0.5+(c, —¢)/R)Inx — A (10)

If measurements are performed in a narrow tem-
perature range [7T,, T, + AT] (so that AT <« T and,
therefore, |Ax|] < [x]), having restricted ourselves to the
linear term over increment x, we obtain

1nlenx0+g:lnx0+i—l.
Xo Xo
Then,
In/ =InC—(0.5+(c, —c)/R)(Inx, —1)
3 AHS,0+cp—c+O.5R .
R Rx,

Taking into account (5), one can describe the sub-
limation enthalpy at temperature 7; by the formula

(1)

¢, —¢

AHg, + = AH(Ty), (12)
Xo
from which we obtain
In/ =InC —(-0.5+(c, - c)/R)(ln Xy — 1)
(13)

_(AHsaz)) L05)
R X,
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Expression (13) can be rewritten in the form

In7 =~ const — (M+ O.STojl —4-B 4
R T T

where
const =4 =1InC +(0.5+(c, —c)/R)(InT, +1). (15)

Thus, having calculated the dependence of Infon 7',
which is almost linear in a narrow temperature range
[T, T, + AT], one can find the sublimation enthalpy
in the beginning of the temperature range AH(T;)
using formula (14).

RESULTS AND DISCUSSION
Crystal Growth

As an example, Fig. 1 shows the samples of crystals
of the materials under study, grown from the vapor
phase.

The naphthalene crystals presented in Fig. 1a were
grown naturally on the walls of a plastic vessel with
material during its storage at 0°C. One can observe
somewhat faceted convex crystals with lengths up to
5 mm. Lamellar faceted naphthalene crystals with
lengths up to 10 mm and thicknesses up to 1 mm can
be grown on a thread under the lid of a sealed glass vial
with fine-grained material at its bottom, being heated
on a hot plate at 40—50°C for several hours (Fig. 1b).

Figure 1c shows the largest anthracene single crys-
tal (under UV illumination), which was grown using
PVT for 12 h at a material-source temperature of
150°C. This temperature was shown to be optimal for
growing large crystalline anthracene samples. The
crystal length was 17 mm, and its thickness was no
more than 500 um. Further crystal growth was limited
by the growth-space sizes. It can be seen that the crys-
tal is partially faceted on the left side; however, the lat-
eral faces are mainly curved.

The samples of tetracene crystalline films (under
UV illumination), grown for 72 h at a temperature of
215°C near the material source, are shown in Fig. 1d.
The length and thickness of the largest crystalline
samples reached 5 mm and 10—30 um, respectively.
Because of small thickness, the tetracene crystalline
films are often curved.

Thus, the growth period of centimeter-sized crys-
tals increases strongly, and their shape acquires a
higher degree of anisotropy with an increase in the
length of conjugate linear molecule.

XRD Analysis

At room temperature, the structures of naphtha-
lene and anthracene crystals are characterized by the
monoclinic symmetry P2,/a, and the tetracene struc-

ture is characterized by the triclinic symmetry P1
[20—22]. The XRD patterns of flat single crystals of

Vol. 67 No.4 2022
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Fig. 1. (a, b) Naphthalene, (c) anthracene, and (d) tetracene crystals (anthracene and tetracene crystals are exposed to UV light).

naphthalene, anthracene and tetracene, obtained at
reflection from the primary face, are shown in Fig. 2.

As one can see in Fig. 2, the X-ray diffraction pat-
tern for the materials under study is a set of narrow
peaks, the positions of which are approximately multi-
ple of the position of the corresponding principal
maximum (Table 1). According to [20—22], the
observed diffraction pattern for the acene crystals
under study corresponds to the reflection from the
family of planes (00/) and characterizes high structural
quality. The data on the crystal structure; the interpla-
nar distances d,,, calculated according to the Bragg
equation; and the corresponding values from the liter-
ature are listed in Table 1. The lengths of molecules /,

are also given for comparison. It can be seen that the
interplanar distances d,,, determined under our con-
ditions, are in good agreement with the data for the
materials under study from [20—22].

Isothermal Thermogravimetry and Determination
of Sublimation Enthalpy

The dependences of the logarithm of the intensity
of source-material weight loss on reciprocal tempera-
ture for the linear acenes under study are shown in
Fig. 3. The melting temperatures of naphthalene and
anthracene (353 and 491 K, respectively) are indicated
by arrows.

Table 1. Crystal-structure parameters of the linear acenes under study

door, A D
Material 20,, deg Crystal strchture, 1, A g \
Sp. &r., experiment literature g/cm
Naphthalene 12.12 Monoclinic, P2,/a, 2 6.6 7.3 7.3 [19] 1.183 [20]
Anthracene 9.62 Monoclinic, P2,/a, 2 9.0 9.2 9.20 [20] 1.251 [21]
Tetracene 7.26 Triclinic, P1, 2 11.7 12.2 12.23 [21] 1.266 [22]

20, is the angle corresponding to the position of the principal maximum in the XRD spectrum; /,, is the molecular length; djy, is the

interplanar spacing for the (00/) family of planes; and D is the XRD crystal density.
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Fig. 2. X-ray diffraction patterns of planar single crystals of linear acenes.
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Fig. 3. Dependences of the intensity of the material-source weight loss on the reciprocal temperature for naphthalene, anthra-
cene, and tetracene.

It can be seen that the In(/) = A{T~') dependence for For anthracene, the best convergence of pointsto a
naphthalene is closest to linear (R = 0.996) in the linear dependence in the investigated temperature
range of 328—353 K, and the plot for the liquid phase  range is obtained in the range of 423—458 K (R*> =
above the melting temperature has a nonlinear, witha  0.995). One can see that the In(/) = AT!) curve flat-
steeper slope. tens significantly at higher temperatures of the anthra-
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Table 2. Experimental data and data in the literature on the sublimation enthalpy AH for the linear acenes under study

Experiment Literature
Material AHy 7/AHy 503, AH,,
A B T, K SI’S /moiv,z% T, K Kl rrfol reference

Naphthalene | 19.4 £ 0.7 8700 £ 200 328-353 71+£2/70 £ 2 328—398 76 +2 [5]
298.15 71 + 4 [6]
263—343 72.5%£0.3 [9]
270-353 | 72.5%0.1 [10]
293-331 72.3£0.8 [11]
327 72.8 [12]
333 71.7 [13]
Anthracene 20.5+0.7 (11700 £ 300 423—458 96+3/92+3 396—421 98 £2 [26]
353—432 101.0 £ 0.5 [27]
353-399 94.3 [28]
423—488 94.5 [29]
340-360 98.8 £0.4 [8]
339-399 | 97.6+ 1.3 [30]
320-355 97.9%+0.6 [31]
Tetracene 22+3 15000 £ 1000| 513—573 124 £10/121 £ 10 | 433—483 132.7 £ 2.5 [32]
433-493 128.9 [33]
377477 125+ 4 [34]
313—453 126.5 [13]
386—472 126 £ 9 [35]
399—-430 1253 [31]

cene solid phase (up to the melting point) and grows CONCLUSIONS

radically at the transition to the molten state. The
dependence of the flattening near the melting tem-
perature may be related to sintering of the powder
material, which decreases the specific surface area of
the solid phase and, correspondingly, the flux of sub-
limating molecules.

The dependence for tetracene is closest to linear in
the investigated temperature range at 513—573 K (R?2 =
0.992).

The results of approximating the experimental data
according to formula (14) and found values of subli-
mation enthalpy AHj ; for naphthalene, anthracene,
and tetracene in the corresponding temperature
ranges with the best convergence to a linear depen-
dence are presented in Table 2. The sublimation
enthalpy values were recalculated at 298 K using the
data on the temperature dependences of the isobaric
molar specific heat for naphthalene [23], anthracene
[24], and tetracene [25]. The found AHj 594 values are
given in Table 2. The experimental data on the subli-
mation enthalpies of the materials under study in sim-
ilar temperature ranges are shown on the right for
comparison. It can be seen that the results obtained
are in good agreement with the data in the literature on
the linear acenes under study.

CRYSTALLOGRAPHY REPORTS
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The results obtained indicate that the method of
physical vapor transport can be efficiently used to
grow centimeter-sized organic semiconductor crystals
(in particular, tetracene). It was shown that the growth
rates and crystal sizes reach maximum at some optimal
gradient temperature field. With an increase in the
molecular length, the growth rate of crystals decreases
strongly, and their shape anisotropy increases (crystals
are generally shaped as plates (naphthalene, anthra-
cene) or films (tetracene)). According to the XRD
data, the grown centimeter-sized plane crystals are
oriented in the (001) plane and characterized by high
structural quality.

The analysis of the process of material sublimation
from the surface of crystalline material in the quasi-
steady-state approximation for narrow temperature
ranges provided a linear dependence of logarithm of
the sample weight-loss intensity on the reciprocal
temperature (the sublimation-enthalpy value with a
small correction is used as the proportionality factor).
Under the PVT conditions, the obtained dependence
is in good agreement with the experimental results for
the linear acenes under study in the corresponding
temperature ranges: 328—353, 423—458, and 513—573 K
for naphthalene, anthracene, and tetracene, respec-

2022
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tively. The calculated values of sublimation enthalpies
of the investigated materials are in good agreement
with the data in the literature. It should be noted that,
in view of some model assumptions, the proposed
thermogravimetric method cannot be considered as a
high-precision one; however, it makes it possible to
obtain relatively easily an experimental estimate of the
sublimation enthalpy under the crystal-growth condi-
tions using the PVT method (by determining the
weight loss and fixing temperature near the material
source and the process duration). Due to this, the
method may be of great interest for the research
groups investigating the crystallization of novel and
understudied organic molecules.
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