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Local Orientation of Chains at Crystal/Amorphous Interfaces 

Buried in Isotactic Polypropylene Thin Films

Daisuke Kawaguchia,b*, Kentaro Yamamotoa, Tatsuki Abea, Naisheng Jiangc, Tadanori Kogac,d, 

Satoru Yamamotob, and Keiji Tanakaa,b*  

A better understanding of the aggregation states of polymer chains 

in thin films is of pivotal importance for developing thin film 

polymer devices in addition to its inherent scientific interest.  Here 

we report the preferential orientation of the crystalline lamellae for 

isotactic polypropylene (iPP) in spin-coated films by grazing 

incidence of wide-angle X-ray diffraction in conjunction with sum 

frequency generation vibrational spectroscopy, which provides 

information on the local conformation of chains at 

crystal/amorphous interfaces buried in a thin film.  The crystalline 

orientation of iPP, which formed cross-hatched lamellae induced by 

lamellar branching, altered from a mixture of edge-on and face-on 

mother lamellae to preferential face-on mother lamellae with 

decreasing thickness.  The orientation of methyl groups at the 

crystal/amorphous interfaces in the interior region of the iPP films 

changed, accompanied by a change in the lamellar orientation.  

Polymer thin films are used in a wide variety of applications such 

as microelectronics and biomedical technology.1  Since polymer 

chains in a thin film are in a confined state, their aggregation 

states and thermal molecular motion are different from those 

in the bulk state.2-12  This is the case even for semi-crystalline 

polymers.  However, the confinement effect becomes more 

remarkable than in amorphous ones due to the presence of a 

hierarchy based on a complicated crystalline structure.  A semi-

crystalline polymer generally forms three-dimensional 

spherulites composed of radially directed fibrils, also called 

lamellar stacks, in the bulk phase.  A fibril also consists of 

crystalline lamellae together with amorphous segments such as 

chain foldings and tie-molecules.  Once the film becomes 

thinner, the local orientation of even crystalline lamellae may 

be altered because the crystal growth is also affected by the 

confinement effect.  Thus, to improve the performance of 

polymer thin film materials and devices, the structure-property 

relationship of chains in such a confined state must be better 

understood as a first benchmark.  

So far, the orientation of the crystalline lamellae and 

controlling factors in them have been extensively studied.13-27  

In a thin film of semi-crystalline polymer, the lamellae formed 

can preferentially orient.28  The crystalline lamellae, in which 

the chain axis (c-axis) orients along the direction parallel and 

perpendicular to the substrate surface, are so-called “edge-on” 

and “face-on” lamellae, respectively.  Phenomenologically, the 

controlling factors in the orientation in the confined state seem 

to be mainly the interfacial interaction between polymer chains 

and substrate in addition to the chain diffusion based on the 

crystallization temperature.29, 30  The former and latter 

correspond to the thermodynamic and kinetic factors, 

respectively.  Such information is crucial for an essential 

understanding of the crystallization behavior of polymers, 

especially in thin films, and for the design of thin-film devices 

such as organic field-effect transistors (OFET) and organic solar 

cells (OSC).31-41  For example, in the case of poly(3-

hexylthiophene) (P3HT), it has been reported that while the 

edge-on lamellae enhance the carrier mobility along the in-

plane direction for OFET,31, 32, 34 the face-on lamellae perform 

this function along the out-of-plane direction for OSC.37, 38  

Meanwhile, structural studies of amorphous chains such as 

ties, foldings, and tails in semi-crystalline polymer films are 

limited.  Ties are the links between adjacent crystalline 

lamellae.  Foldings, or loops, exit and re-enter the same 

crystallite.  Tails are the end portion of a chain which exit from 

a crystalline lamella.  Among them, ties strongly affect the 

mechanical properties in semi-crystalline polymers.42, 43  Taking 

into account the fact that amorphous chains are chemically 

connected to the chain in a crystalline phase, it seems 

reasonable to hypothesize that the chain orientation is 

dependent on the orientation of the crystalline lamellae.  
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A question to be addressed is how we obtain the depth-

dependent information of crystalline lamellae.  The crystalline 

structure in the surface region can be studied by atomic force 

microscopy (AFM),44-46 in conjunction with grazing incidence 

small-angle X-ray scattering (GISAXS) and wide-angle X-ray 

diffraction (GIWAXD).47, 48  On the other hand, it is 

experimentally difficult to gather lamellar information in the 

interior region.  Sum frequency generation (SFG) spectroscopy 

provides the vibrational information at the location where the 

centrosymmetry is broken,49, 50 and has been hitherto applied 

to various interfaces to delve into the local conformation of 

chains there.9, 12, 51-58  If this technique is applicable to a 

crystal/amorphous interface in the interior region of a semi-

crystalline film, the depth-dependent information of crystalline 

lamellae will be revealed.  In this study we examine the 

orientation of crystalline lamellae of isotactic polypropylene 

(iPP), which is one of the representative semi-crystalline 

polymers, in spin-coated films, using GIWAXD measurements.  

Then, we apply SFG spectroscopy to discuss the local 

conformation of iPP chains at crystal/amorphous interfaces in 

the interior region of the films where possible.  

As a material, iPP kindly supplied by Japan Polychem 

Corporation was used.  The number-average molecular weight 

(Mn) and polydispersity index (Mw/Mn), where Mw was the 

weight-average molecular weight, were determined to be 62k 

and 4.2, respectively, by high-temperature gel permeation 

chromatography (GPC) with polystyrene (PS) standards and the 

Q-factor method.59  The melting temperature (Tm) of iPP was 

429.7 K (156.6 �) by differential scanning calorimetry (DSC, 

DSC6220, Hitachi High-Tech, Tokyo, Japan) with a heating rate 

of 10 K•min–1.  As a reference, atactic polypropylene (aPP) 

purchased from Sigma Aldrich was also used.  Mn and Mw/Mn 

were 3.4k and 2.7, respectively, by GPC with PS standards.  iPP 

was dissolved in p-xylene at 411 K (138 �).  Films of iPP were 

prepared by a spin-coating method from the solution onto 

quartz prisms (for SFG measurements) and Si wafers (for 

GIWAXD measurements) kept at 353 K (80 �).  The iPP films 

were melted at 473 K (200 �) and cooled down to room 

temperature at a cooling rate of approximately 1 K•min–1 under 

vacuum.  aPP films were prepared by a spin-coating method 

from a toluene solution kept at 363 K (90 �) onto quartz prisms 

and Si wafers kept at 323 K (50 �).  To examine the film 

thickness, all films were partly scratched by a blade so that the 

substrate was uncovered.  The height difference between the 

scratched- and unscratched-regions obtained by atomic force 

microscopy was defined as the film thickness.  Additional 

information for the sample preparation and characterization is 

described in the electronic supplementary information (ESI).

The surface morphology of the iPP thin films was observed 

by AFM (E-sweep; Hitachi High-Tech, Tokyo, Japan).  A silicon 

cantilever (SI-DF20, Hitachi High-Tech, Tokyo, Japan) with a tip 

radius of 10 nm and a spring constant of 17 N•m-1 was used.  

The crystalline structure of iPP thin films was investigated by 

GIWAXD measurements, which were performed on the X9 

beamline at the National Synchrotron Light Source (NSLS, 

Upton, NY, USA), Brookhaven National Laboratory.  The 

wavelength (�) and incident angle (�s) of X-ray beams were 

0.0918 nm and 0.11°, respectively.  Since the critical angle of the 

total reflection for the iPP film is calculated to be 0.08°, the 

diffraction pattern is supposed to reflect the structure of the 

entire region of the film in terms of the depth direction.  An 

azimuthal plot was obtained from a two-dimensional GIWAXD 

pattern.  

The aggregation states of iPP and aPP at the substrate 

interface were examined by SFG spectroscopy.  SFG spectra 

were collected with the visible and IR beams traveling through 

the prism and overlapping at the center of the sample.  The 

incident angles for the visible and IR beams were 55° and 65° 

from the surface normal, respectively.  The intensity of SFG 

signals (ISFG) is proportional to the square of the absolute value 

of the effective sum-frequency susceptibility tensor of the 

interface (�eff
(2)), 

(1)�SFG� |
(2)eff |
2
�Vis�IR

where Ivis and IIR are the intensity of the visible and IR lasers, 

respectively.  Thus, the intensity of the SFG signals was 

normalized by those of the original visible and IR beams.  The 

measurements were taken at room temperature with the ssp 

(SF output, visible input, and infrared input) polarization 

combination.  A more detailed explanation of the experimental 

setup is described in the ESI.  

Figure 1 shows the AFM topographic and phase images for 

spin-coated iPP thin films with thicknesses of 180, 80 and 35 nm.  

For the 180 nm- and 80 nm-thick films, lamellar fibrils in a 

spherulite were observed.  However, in the case of the 35 nm-

thick film, such a morphology was not observed.  This can be 

explained in terms of the restricted crystal growth due to the 

strong confinement effect.60, 61  These results imply that the 

aggregation states of crystalline lamellae, which are 

constituents of the fibrils, in the 35 nm-thick film were different 

from those of the thicker ones.  
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Figure 1.  AFM topographic and phase images for (a, d) 180 nm-thick, (b, e) 80 nm-

thick, and (c, f) 35 nm-thick iPP films.  

Figure 2 shows the two-dimensional GIWAXD patterns for 

spin-coated iPP thin films with thicknesses of 180, 80 and 35 nm.  

In the case of the 180 nm-thick iPP film, an arc was observed at 

the scattering vector q (= 4�sin�s/�) = 10.0 nm-1 both along the 

in-plane and out-of-plane directions.  Similarly, an arc at q = 12.0 

nm-1 was observed in the in-plane and out-of-plane directions.  

The diffraction arcs at 10.0 and 12.0 nm-1 can be assigned to 

(110) and (040) of the R form, respectively, as indicated in 
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crystalline lamellae and those that are not.  The former is 

further divided into ones in the crystalline and amorphous 

phases, while the latter is in the amorphous phase.  The local 

conformation of chains in the crystalline phase is correlated 

with the crystal unit cell and its orientation.  In the amorphous 

part of chains which are connected into a lamella, tie- and loop-

conformations are contained.43, 76  Segments of a tie-chain are 

simply oriented along the direction perpendicular to the 

interface. However, those in a loop-chain are first oriented 

perpendicular to the interface and then in parallel.  Hence, the 

obtained SFG signals can be the sum of the contributions from 

the above-mentioned partial chains.  The current available 

model to simulate the local orientation of CH3 groups is not 

simply applicable to such a complex system.  To clarify the 

difficulty, a simpler system such as a single crystal of polymers 

with a well-defined folding structure is necessary.  This kind of 

experiment will be designed in the future.  

Conclusions

In conclusion, the aggregation states of iPP in spin-coated thin 

films were examined by GIWAXD in conjunction with SFG 

measurements.  GIWAXD measurements revealed that the 

crystal orientation in the iPP thin films changed from a mixture 

of edge-on and face-on lamellae to preferential face-on 

lamellae with decreasing film thickness.  This could be explained 

in terms of the thermodynamic factor.  We then demonstrated 

that SFG spectroscopy was applicable to characterize iPP chains 

at the crystal/amorphous interfaces in the interior region of the 

thin films.  The orientation of CH3 groups at the 

crystal/amorphous interfaces varied for an ultrathin film, 

accompanied by a change in the lamellar orientation.
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