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Abstract

In this paper, the N,N'-dicyclohexylterephthalamide (DCHT) with various mor-
phologies and sizes was prepared by antisolvent precipitation at room temperature,
and DCHT single crystals were also grown. Among them, DCHT crystals precipi-
tated from deionized water (H,0O), alcohol (C,HsOH) and N'N-dimethylformamide
(DMF) are particle-like crystallites (DCHT-H,0), cuboid (DCHT-C,Hs;OH) and
large rectangular crystals (DCHT-DMF), respectively. The powder XRD results
show that the (002) plane is the dominant growth plane of the DCHT crystals, and
the diffraction peak intensity of (100) plane is negatively correlated with the size of
the DCHT crystals. The single-crystal XRD results show that the minimum distance
between the two nearest DCHT molecules is the hydrogen bond distance (2.21 A),
and the (100) crystal plane is the plane of hydrogen bonding between DCHT mol-
ecules. Thus, it is speculated that the hydrogen bonding interaction is the main
driving force for the growth of DCHT crystals. Further, the effect of different mor-
phologies and sizes of DCHT on isotactic polypropylene (iPP) crystallization was
investigated. Non-isothermal crystallization studies revealed that the DCHT size
plays a decisive role in increasing the crystallization temperature of {PP. Through
isothermal crystallization, it was found that the upper critical temperature of f-o
growth “transition” of /PP could be related to the morphology of DCHT. Finally, the
iPP film was attached to the surface of DCHT single crystal, and its crystallization
behavior was studied. It is confirmed that the (001) plane is the epitaxial plane of
DCHT to the pB-iPP molecular chain, while the epitaxial plane of $-iPP is the (110)
plane.
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Introduction

The semicrystalline polymer isotactic polypropylene (iPP) has been widely used
in many fields due to its advantageous properties and low cost. However, specific
practical applications of iPP often require enhancements in optical transparency,
mechanical properties and heat resistance, as well as a reduction in processing cycle
time. The slow crystallization rate of iPP limits its applications, necessitating the
introduction of nucleating agents (NAs) to enhance its crystallization properties dur-
ing processing. It is reported that not only the crystallization capacity, but also the
crystal transformation and crystal morphology could be affected by NA [1-3]. As
we know, iPP can crystallize into several forms, including monoclinic a, trigonal §
and orthorhombic y [4-8]. Notably, § crystals, induced by  NAs, confer enhanced
mechanical properties to /PP, garnering significant interest.

So far, there have been a lot of reports on the synthesis of p NAs and its induc-
ing mechanism of pB-/PP. Schmidt’s group synthesized a series of amide NAs and
investigated their effects on the crystallization behavior of iPP in detail [6]. Among
them, N,N’-dicyclohexylterephthalamide (DCHT) exhibits the best nucleation per-
formance and shows various self-assembled structures under different temperature
and shear conditions [9-11]. Feng et al. [12, 13] found that the self-assembled struc-
ture of DCHT is mainly determined by the degree of dissociation of DCHT mole-
cules and the dispersion state in the melt. In addition, PP crystallization induced by
DCHT belongs to epitaxial crystallization [14—16], which requires lattice matching.
Lotz et al. [17] confirmed that the epitaxial lattice of DCHT exhibits a periodicity
of 6.5 A, and identifying that the (110) crystal plane of B-iPP is its epitaxial plane.
Wang et al. [18] prepared DCHT single crystals by solution method and determined
the cell parameters of DCHT by single-crystal X-ray diffraction (XRD). To sum up,
the regulation of self-assembled structures of DCHT are mainly achieved by chang-
ing the final heating temperature (7}), concentration and shear field, which could
further significantly influence the crystallization of i{PP. However, most current stud-
ies used commercial DCHT and the effect its original crystal morphology on the ;PP
crystallization are neglected.

In this work, the crystal habit of DCHT was regulated by antisolvent precipita-
tion method [19-23]. Some solvents that are common and have very low DCHT
solubility are selected as antisolvents, including deionized water (H,O), ethyl alco-
hol (C,Hs;OH) and N'N-dimethylformamide (DMF). The commercial DCHT was
initially dissolved in sulfuric acid (H,SO,), and then, the solution was pulled into
various antisolvents, through which the DCHT crystals with various morpholo-
gies were obtained. The crystal habits of DCHT in different antisolvents was eluci-
dated by XRD and scanning electron microscope (SEM). The results show that the
hydrogen bond interaction could be the main driving force of DCHT crystal growth.
Furthermore, the effect of DCHT crystals with different morphologies and sizes on
the crystallization of iPP was investigated. Finally, /PP film was attached to the sur-
face of DCHT single crystals and the epitaxial crystallization behavior of iPP on
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Scheme 1. Preparation of DCHT with different morphologies through antisolvent precipitation method

the DCHT single-crystal surfaces was analyzed in detail. The preparation of DCHT
crystals by antisolvent precipitation method provides a new idea for regulating the
self-assembly of DCHT. The results of this work can help to understand and further
control the crystallization behavior of iPP, which has great significance to its practi-
cal applications.

Experimental section
Materials and methods

iPP with M, =40x 10* g/mol and molecular weight distribution of 4.5 was pur-
chased from Lanzhou Petrochemical Company. The -NA DCHT was supplied by
the Shanxi Institute of Chemical Industry.

In order to obtain the DCHT crystals with different morphologies and sizes,
commercial DCHT NA was first dissolved in concentrated H,SO, at room tem-
perature (1 g DCHT to 20 ml H,SO,). Then the solution was subsequently poured
into different antisolvents (H,0, C,H;OH and DMF), and DCHT was precipitated.
The ratio of antisolvent to prepared DCHT/H,SO, solution is 20: 1, and the DCHT
powder can be almost completely precipitated in the antisolvent at this ratio. After
precipitation, the sample was filtered and washed with a large amount of antisol-
vent until the filtrate was neutral. Finally, the obtained powders were dried for 48 h
in a 70 °C oven for use. The DCHT crystals precipitated from each of the antisol-
vents were, respectively, labeled as DCHT-H,O, DCHT-C,H;OH and DCHT-DMF.
The results of Fourier transform infrared (FTIR) and nuclear magnetic resonance
(NMR), shown in Fig. S1, indicate that the molecular structure of DCHT has not
been destroyed (Scheme 1).

The hybrids containing ;PP and DCHT were prepared by a Haake PolyLab mixer
at 180 °C for 10 min with a rotation speed of 50 rpm. The concentration of DCHT
was fixed at 0.1 wt%, and the resulting compound was referred to as iPP/0.1DCHT.
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Although DCHT is a soluble NA, the dissolution temperature of DCHT varies with
concentration [12, 24]. As shown in Fig. S2, the DCHT crystals in the iPP/0.1DCHT
system could hardly dissolve at 200 °C.

To further investigate the crystal habit and define the crystal parameters of
DCHT, a large single crystal with the size of 0.3 mm was also prepared by anti-
solvent precipitation method. Firstly, 10 ml readily prepared DCHT H,SO, solu-
tion was poured into a Petri dish and sealed with cling film to avoid pollution. After
3 months of growing at room temperature, a rectangular single crystal of DCHT was
obtained. The picture of the single crystal is provided in Fig. S3.

Based on the prepared DCHT single crystal, the epitaxial crystallization experi-
ment of /PP film was conducted. The iPP/xylene solution with a concentration of
1.5 wt% was first prepared at 120 °C; then, the solution was cast on the DCHT sin-
gle crystal. After the solvent xylene completely evaporated, the crystallization of ;PP
film was observed by Olympus BX 51 microscope with a Linkman hot stage. After
eliminating the thermal history at 200 °C, the /PP film was quenched to 135 °C and
maintained for enough time for complete isothermal crystallization.

Characterization
Scanning electron microscope (SEM)

The SEM (FEI Nova Nano) instrument was used to observe the microscopic mor-
phology of distinct DCHT single-crystal powders and epitaxial crystallization sam-
ples. Prior to the observation, the specimens were gold-sputtered.

Differential scanning calorimetry measurement (DSC)

The DSC analysis was conducted on a TA Q20 (USA) instrument under nitrogen
purge. The sample weight was about 5.0 mg. In the non-isothermal crystallization
process, the temperature was first heated to 200 °C at a rate of 10 °C/min and held
for 5 min to eliminate the thermal history. Then the sample was cooled to 40 °C at
a rate of 10 °C/min. To observe the melting behavior of iPP/0.1DCHT, the sample
was then re-heated to 200 °C at a rate of 10 °C/min. During the isothermal crystal-
lization process, the samples were also kept at 200 °C for 5 min to eliminate ther-
mal history and then quenched at 200 °C/min to the target isothermal crystallization
temperature [25]. After complete crystallization, the sample was cooled to 40 °C ata
rate of 10 °C/min and then heated to 200 °C and its melting behavior was recorded.

X-ray diffraction (XRD)
Single crystal of DCHT (see Fig. S3) was measured by Bruker D8 diffractometer

with 0.71073 A at 296 K. The DCHT crystal structure analysis and refinement were
performed by using the SHELXL-97 package.

@ Springer



Polymer Bulletin (2024) 81:12013-12026 12017

Powder X-ray diffraction (Ultima IV): copper target, K, (0.154056 nm), tube
voltage 40 kV, tube current 40 mA, 26 ranging from 5° to 50°, step size 0.02° and
time for each step 0.12 s.

Results and discussion
Crystal habit analysis of DCHT

Figure la shows the morphologies of commercial DCHT and precipitated DCHT
in different antisolvents. Different from the commercial DCHT, the precipitated
nucleators DCHT-H,0, DCHT-DMF and DCHT-C,H;OH exhibit particle-like crys-
tallites, cuboid and large rectangular crystals, respectively. In terms of size scale, the
commercial and precipitated DCHT can be divided into nanoscale (DCHT-H,O and
DCHT) and microscale (DCHT-DMF and DCHT-C,HsOH) crystals. The crystal
morphologies obtained by antisolvent method could be influenced by the solubility
and intermolecular force [26, 27]. The comparatively smaller crystal size of DCHT-
H,O might be ascribed to the low solubility of DCHT in H,O. It can be found that
the thickness of DCHT-C,H;OH is much smaller than that of DCHT-DMF, and the
multilayer structure can be observed from the side of DCHT-C,HsOH. According to
the analysis of DCHT crystal structure by Wang [18], special hydrogen bond struc-
tures are speculated to form between C,H;OH and DCHT molecules. In order to fur-
ther analyze the crystal habit of DCHT crystals in different solvents, powder XRD
analysis was exhibited in Fig. 1b. The positions of 20=6.9°, 17.2°, 19.3° and 21.9°
in the figure represent the (002), (100), (014) and (110) planes, respectively. For
DCHT-C,HsOH, one can see that the (002) diffraction peak is not only the strongest,
but also shows the largest contrast with (100) plane, which implies that the DCHT-
C,H;0H crystal could preferentially grow along the (002) plane. This could further
explain the particular large and thin crystal morphology of DCHT-C,HsOH, while
for the other DCHT crystals, for example DCHT-H,0, the contrast between (002)
plane and (100) plane is not so distinguishable, indicating almost no preferential

(b)

DCHT-C,H,OH

DCHT-DMF

T T T T

25 30

Intensity (a.u.)

Fig. 1 SEM micrographs (a) and XRD curves (b) of DCHT with various morphologies
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growth plane. Therefore, the XRD results have a good agreement with SEM obser-
vation. In addition, the diffraction intensity of the (100) plane is negatively corre-
lated with the size of the different DCHT crystals.

Effect of DCHT crystals on the crystallization behaviors of iPP

Figure 2 shows the effect of various DCHT crystals on the crystallization behavior
of iPP. As displayed in Fig. 2a, the iPP/0.1DCHT-H,O sample exhibited the highest
non-isothermal crystallization temperature. These results indicate that DCHT-H,O
has the strongest nucleation ability, which is even better than commercial DCHT.
Apparently, this is ascribed to the smallest size (Fig. 1a) or the highest nucleation
density. During the melting process (Fig. 2b), the samples containing NA show an
obvious  melting peak near 150 °C, which seems to be independent of the DCHT
size. Thus, the DCHT size only affects the crystallization rate of iPP and has no evi-
dent effect on its crystal form at such a non-isothermal process. Then, the isothermal
crystallization behavior of /PP/0.1DCHT at various temperatures was quantified to
assess the effect of different DCHT crystals on the iPP crystallization kinetics. As
depicted in Fig. 2c and d, two distinct cases were observed in the crystallization rate
of iPP/0.1DCHT hybrids, with one containing nanoscale NA (iPP/0.1DCHT-H,0O
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Fig.2 DSC cooling (a) and heating (b) scans at a rate of 10 °C/min, the relative crystallinity versus time
(c) and the half-time of crystallization (¢,,,) versus crystallization temperature (7,) (d) for iPP/0.1DCHT
hybrids
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and /PP/0.1DCHT) and the other containing microscale NA (iPP/0.1DCHT-DMF
and iPP/0.1DCHT-C,HsOH). In addition, Fig. 2d illustrates how the changes of
half-time of crystallization (,,,) with isothermal crystallization temperature (7) for
iPP/0.1DCHT hybrids and the corresponding exponential fitting curves. This sug-
gests that the crystal growth of /PP in this study belongs to three-dimensional het-
erogeneous growth mode [25].

To further investigate the melting process of iPP with different DCHT crys-
tals after isothermal crystallization and the possible phase transitions [28, 29],
Fig. 3 shows the DSC melting curves of different iPP/0.1DCHT systems after iso-
thermal crystallization at different temperatures. As the isothermal crystallization

(a) iPP/0.1IDCHT B oy (b) iPPO.IDCHT-H,0 , @,
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Fig.3 DSC heating curves after completely isothermal crystallization at different T, for iPP/0.IDCHT
hybrids
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temperature increases, the melting points of both o and f crystals move to higher
temperature due to thicker lamellae [30]. Due to the different thermal history, the
a crystal structure often appears different degrees of disorder, and the disorder
of this structure is mainly manifested by the different direction of the same spiral
chain. The «; crystal represents a limit-disordered (space group C2/c) structure,
with its spiral chains pointing to complete disorder. Conversely, the o, crystal
exhibits a limit-ordered (space group P2,/c) structure, with its spiral chains point-
ing up and down in order. In comparison, «; crystals demonstrate a lower degree
of order and tend to crystallize at lower temperatures than o, crystals [31]. Nota-
bly, when the crystallization temperature is 130 °C and 133 °C, no conspicuous
a, crystal is observed for all samples, which is different the from heating pro-
cesses at other higher crystallization temperatures. This indicates that /PP tends
to form o, phase with higher disorder in this temperature range [31], which may
be attributed to the faster growth kinetics of o, phase than a, phase [29] and the
hard transformation for o, to a, due to the relatively low temperature. In addi-
tion, from 139 to 142 °C, the content of a crystals increases and the content of {3
crystals decreases. This phenomenon is more obvious in the iPP/0.1DCHT-DMF
and /PP/0.1DCHT-C,HsOH systems, where the P crystal melting peak is rela-
tively small. This means that the microscale nucleators (DCHT-DMF and DCHT-
C,H;OH) are less effective in inducing the formation of P crystals at higher crys-
tallization temperatures. The “p—o growth transition theory” proposed by Varga
[32] and Lotz [33] indicates that the growth rate of P crystal is greater than that
of o crystal only between 100 and 141 °C. Therefore, iPP with the addition of
NA will mainly generate o crystals when the temperature is lower than the lower
critical temperature or higher than the upper critical temperature. In the systems
(micro- and nanoscale DCHT) studied here, the situations are quite different. In
the microscale system, the content of J crystals is significantly lower than that
of a crystals at 142 °C, whereas in the nanoscale system, the contents of f§ and
a crystals are almost comparable. This suggests that the o and f growth rate
inversion temperature of microscale DCHT system might be lower than that of
nanoscale system. Therefore, the upper critical temperature proposed by Varga
[32] could be related to the size of NA; that is, a larger size corresponds to a
lower upper critical temperature. Understanding these NA dynamics is crucial for
comprehending the crystallization process of iPP.

As shown in Fig. 4, the XRD patterns of two typical systems containing
iPP/0.1DCHT-H,0 and iPP/0.1DCHT-C,H;OH were further analyzed after iso-
thermal crystallization. The characteristic diffraction peaks of pure a-iPP and f-iPP
are resulted from (110), (040), (300), (111), (041) and (110), (300) crystal planes,
respectively [34, 35]. As the crystallization temperature increases, the characteristic
diffraction peaks (110) and (300) of p phase were found to become progressively
shorter. This suggests that the content of p crystals in the two systems gradually
decreases, which is consistent with the conclusion drawn in Fig. 3. In addition, the
decrease of f crystals in nanoscale DCHT system at high temperature, especially
142 °C, is smaller than that in microscale system with increasing crystallization
temperature. This further confirms that the upper critical temperature of the phase
transition is indeed related to the size of the NA.
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Fig.4 XRD patterns of iPP/0.IDCHT hybrid after completely isothermal crystallization at different T,
(127, 136 and 142 °C) and the pattern of iPP (7,=130 °C) as a reference

Figure 5 provides an overview of the correlation between the crystallization
temperature or crystallization kinetics of /PP and the melting points of § and «,;
crystals. As depicted in Fig. 5a, the melting point of  crystals almost develops
linearly with the crystallization temperature for all /PP/0.1DCHT systems. This
is consistent with the H-L theory where lamellar thickness and lamellar surface
defects determine the melting point of polymer crystals [36-38]. That is to say,
the higher the crystallization temperature, the thicker and more perfect the lamel-
lae will be, ultimately resulting in higher melting point. Unlike the linear change
of the 7,5 with increasing crystallization temperature, the melting point of o,
crystal first increases, then enters a plateau and finally continues to increase.
Apparently, there is a phase transition between 133 and 139 °C, which may be
caused by the competitive relationship between the growth process of a and p
crystals [29].
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Fig.5 Dependences of T4 versus T, (a) and T, versus T, (b) for iPP/0.IDCHT hybrids undergone
isothermal crystallization
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Epitaxial growth of iPP on the surface of DCHT crystal

In order to analyze the epitaxial crystallization behavior of iPP on DCHT single-
crystal surface, the DCHT single crystals were prepared by the antisolvent method
and are shown in Fig. S3. First, single-crystal XRD analysis was performed on the
DCHT single crystals. The Crystallographic Information File (CIF) for DCHT crys-
tals can be found at the Cambridge Crystallographic Data Center. The CIF contains
detailed information about the crystal, such as cell parameters and atomic coordi-
nates [39]. The collected single-crystal XRD data, along with the CIF, were ana-
lyzed using the SHELXL-97 software package, which facilitated the generation of
Fig. 6. As shown in Fig. 6, the DCHT crystal is still monoclinic and the unit cell
parameters (a=5.17 A, b=6.65 A, c=25.88 A, $=94.52°, P2,/c) are consistent
with the work of Wang’s group [18]. This indicates that the antisolvent precipita-
tion method does not change the DCHT unit cell structure. As shown in Fig. 6a—c,
analysis of the unit cell from three views reveals that the projection direction of the
a-axis is consistent with the direction of hydrogen bond formation. Figure 6e shows
that the (100) crystal plane corresponds precisely to the plane of DCHT hydrogen
bonding. This observation suggests that the growth of the (100) plane could be influ-
enced by the formation of hydrogen bonds [18]. Furthermore, as depicted in Fig. 6f,
the minimum distance between the two adjacent DCHT molecules is exactly the

Fig.6 Molecular structure and packing diagram in DCHT crystal
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hydrogen bond distance (2.21 A), confirming the presence of strong hydrogen bond
interactions between DCHT molecules. Combined with the analysis of SEM and
XRD results in Fig. 1, the height of the (100) crystal plane is negatively correlated
with the size of the DCHT crystal, while the (100) plane is aligned with the hydro-
gen bonding plane. Therefore, the hydrogen bonding could be the primary driving
force for the growth of DCHT crystals. Furthermore, the angle between the edge
portions of the benzene rings on two adjacent DCHT molecules is greater than 90°
as demonstrated in Fig. 6d, indicating that the DCHT crystal does not contain a 7z—x
stacking structure. This implies that 7—z interactions do not influence the stacking of
DCHT molecules during the recrystallization process, contrary to the conclusions of
Feng’s team [12].

To further investigate the crystallization behavior of iPP/DCHT, the epitaxy of
iPP lamellae on the surface of DCHT single crystals was observed by SEM. As
shown in Fig. 7a, the long red arrows represent the preferred orientation of DCHT
single crystals. It can be clearly seen from the texture with 500 nm resolution that
the growth direction of the /PP lamellae (20 and 50 nm) is the same as the long-axis
direction of the DCHT single crystal. As proved in Fig. 6, the preferred orientation
of DCHT is the projection direction of the a-axis (the direction of DCHT hydro-
gen bonding). Since the growth direction of the ;PP lamellae is perpendicular to the
direction of the chain axis of the molecular chain (the molecular chain arrangement
is drawn in the 40 pm resolution image), the c-axis direction of the p crystal is the
same as the direction of the chain axis. Therefore, the c-axis direction of the p-iPP
crystal is perpendicular to the projection direction of the a-axis of the DCHT single
crystal. Thus, the epitaxial plane of DCHT is the (001) plane, which is consistent
with Wang’s work [18].

Further, the epitaxial crystallization behavior of iPP attached on the surface of
DCHT crystal is analyzed from the perspective of lattice matching. Visualized in
Fig. 7b is the top view of the DCHT (001) plane, with the a-axis projection direction
of the DCHT crystal vertically upwards. According to the work of Lotz [17, 40],
the contact plane of B-iPP during epitaxial crystallization is the (110) plane, and the
periodic lattice parameters of the two-dimensional orientation of the (110) crystal
plane are the c-axis distance of the B crystal (6.5 A) and the long-axis distance of
the rhombic unit cell composed of three independent molecular chains (19.05 A).
Analysis of the DCHT single-crystal data shows that the periodic distance of (001)

b
Preferred orientation of DCHT crystal ®)

a*

()

500 nm

Fig.7 a SEM images for epitaxial crystallization of /PP film on DCHT crystal and b epitaxial growth of
iPP chains on DCHT (001) plane
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crystal plane in the b-axis direction is 6.65 A. Additionally, the projection length of
the a-axis (aj),7) on the (001) crystal plane is: a X siny=5.17 A. Therefore, accord-
ing to the lattice matching theory [14, 41], the mismatch ratio between the (110)

plane of p-iPP and the (001) plane of DCHT in the two-dimensional direction is:

C, - - b -
Shoiee ZO0CHT 1009, = 83665 1009 = —2.26% )
- 6.65
Dy, —4a’ -
boiPp10) 7 HDeut 00, — 19054317 1009, = —7.88% (2
4aDCHT 4x5.17

where ¢y, 0, Dpcprs Dh.ipp @0d apyyyp represent the c-axis distance of the p-iPP unit

cell, the b-axis distance of the DCHT unit cell, the long-axis distance of the p-iPP
rhombohedral unit cell and the a-axis projection of the DCHT unit cell distance.
Obviously, the mismatch ratio of the two crystal planes is smaller than the upper
limit (~15%) allowed by the lattice matching theory. This indicates that the (001)
plane of the DCHT crystal has a high nucleation density, and theoretically proves
that DCHT possesses an excellent inducing p-nucleation ability.

Conclusions

The DCHT crystals with different morphologies were prepared by antisolvent pre-
cipitation method, among which DCHT-H,O appears to be crystallites and DCHT-
C,HsOH possesses the largest size. The single-crystal XRD results of DCHT single
crystal show that there is indeed strong hydrogen bonding among DCHT molecules,
and meanwhile, it also suggests that it is impossible to form z—z bonds in DCHT
crystal. Combining the powder XRD and SEM, it is found that the diffraction inten-
sity of (100) plane is negatively correlated with the size of the DCHT crystal. In
addition, it was found that hydrogen bonds may be the main driving force during the
growth of DCHT crystals. Furthermore, the crystallization behavior of iPP/DCHT
shows that the smaller the size of DCHT, the higher the non-isothermal crystalliza-
tion temperature of iPP, and the higher the upper critical temperature of p-o growth
“transition” of iPP. Finally, the crystallization behavior of iPP/DCHT compounds is
analyzed from the lattice match theory further, in which the mismatch rates p-iPP
and DCHT in the two-dimensional direction are slightly modified: —2.26% and
—7.88%.

A number of recommendations for future research are given. For the different
DCHT crystal morphologies obtained by the antisolvent method, only some con-
ventional morphologies have been obtained at present, and subsequent studies need
to be carried out to further expand the scope of antisolvent aiming to obtain more
diverse DCHT morphologies. At the same time, smaller size of DCHT crystals can
also be prepared by antisolvent method to improve the crystalization rate of iPP,
which is helpful for its actual processing applications.
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