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ABSTRACT 

We investigated the temperature dependence of molecular distances to corroborate thermal

expansion  of  amorphous  polystyrene  (PS)  and  poly(methyl  methacrylate)  (PMMA)

homopolymers.  The strong  correlation  maxima observed  in  the  wide-angle  X-ray  scattering

(WAXS) profiles were distinct,  and the  peak shapes  were  maintained  during heating  of  the

sample  to  250  ℃,  indicating  the most  probable molecular  distances.  The three characteristic

peaks were attributed to inter- and intramolecular distances, owing to the multiple correlations

between the backbone, substituents, and repeating units. For both PS and PMMA, a remarkable

temperature dependence was identified for the largest molecular  distances  averaged from the

intermolecular  correlations. Based on the temperature dependence of molecular distances, the

coefficients of molecular  expansion were very close to the coefficients of  thermal  expansion.

This  study  provides  a  simple  yet  accurate  methodology  to  correlate  macro-scale  volume

expansions with molecular expansion configured by the accessible WAXS data. 
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INTRODUCTION

Thermal  expansion  is  ubiquitously  manifested  in  most  materials  and  characterized  by  a

decrease in density owing to an increase in volume with increasing temperature. Understanding

thermal expansion is essential in engineering, materials science, and other disciplines because the

dimensional  stability  of  structures  subjected  to  temperature  variations  affects  component

performance.1 In metals, this expansion is normally isotropic and primarily occurs due to the

increased movement of free electrons and lattice vibrations along the atomic lattices.2 In contrast,

the thermal expansion behavior of polymeric materials is substantially influenced by molecular

structures, and it may reveal more significantly in certain directions associated with molecular

orientation or crystallinity.3,4 While often overlooked due to its seemingly trivial magnitude, it

plays a crucial role in the long-term performance of plastic-containing devices and instruments

across  diverse  industrial  areas.5 Even  slight  deviations  in  dimension  arising  from  different

thermal  expansions  might  lead  to  undesired  consequences  such  as  cracks  and  warpage,

debilitating the functionality and reliability associated with their critical systems.6,7

Amorphous  polymers,  unlike  their  crystalline  counterparts,  lack  well-defined  periodic

molecular  structures.  Thus,  their thermal  expansion  depends  on  the  unique  disorder-like

characteristics, which primarily reflect an increase in average molecular distances. In particular,

for structural polymer chains, thermal expansion along the main chain is inherently negligible

because of the dominant presence of strong covalent bonds. However, the interchain expansion

in favor of a  perpendicular  direction  to  the main  chain is  considerable because the polymer

chains are weakly attracted by the molecular interactions such as Van der Waals forces, π-π

interactions, and hydrogen bonds. Upon elevation of temperature, the thermal energy intensifies
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the  vibrational  mode  of  the  rotational  isomeric  chains,  resulting  in  a  dominant  expansion

perpendicular to the main chain rather than in the parallel direction.4,8

Wide-angle X-ray scattering (WAXS) measurements have been widely used to accurately

determine the correlations militated between the backbone, substituents, and repeating units. For

amorphous polymers,  relatively broad peaks over a wide range do not characterize a regular

lattice but define the short-range-order correlations of polymer chains, which are caused by both

inter- and intramolecular interactions. In this context, several studies on the structure and chain

conformation of various amorphous polymers have highlighted the molecular distance associated

with  inter-and  intrachain  correlations.9-16 However,  little  attention  has  been  devoted  to

elucidating the thermal expansion behavior in terms of molecular expansion over a wide range of

temperatures. 

In this study, we address an unexplored question regarding the temperature dependence of

molecular distances to corroborate the thermal expansion of amorphous polystyrene (PS) and

poly(methyl  methacrylate)  (PMMA)  homopolymers.  We  measured  inter-  and  intramolecular

distances  using  temperature-dependent  WAXS experiments,  and  the  obtained  coefficients  of

molecular  expansion  were  compared  with  those  of  thermal  expansion  (CTEs)  measured  by

ellipsometric  spectroscopy.  Our  methodological  approach  to  thermal  expansion  provides

fundamental insights into the temperature dependence of molecular distances to elucidate the

thermal characteristics of amorphous polymers. 

EXPERIMENTAL SECTION

Synthesis and chemical characterization 
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PS and  PMMA were  synthesized  via  living  anionic  polymerization  of  each  monomer  in

tetrahydrofuran (THF) at  -78  ℃ under purified argon. These reactions for the PS and PMMA

were  initiated  using sec-butyllithium (1.3 M, Aldrich) and  sec-butyllithium coupled with 1,1-

diphenylethylene in the presence of LiCl (high purity, Aldrich), respectively. THF was purified

using a set of activated alumina and copper-oxide columns to ensure  oxygen- and  water-free

conditions.  Monomers  degassed  with  CaH2 (Aldrich)  were  vacuum-distilled  over  the  second

purifiers  of  dried  dibutylmagnesium  and  trioctylaluminum  for styrene  and  methacrylate,

respectively. The polymer  solution  terminated  with  isopropyl  alcohol  was  precipitated  in  an

excess methanol/water (80/20 by wt %) solution. The powder samples retrieved from a filtration

step were first dried at room temperature under vacuum. Then, the temperature was elevated to

150 ℃ for 48 h.

The number-average molecular weights (Mn) of PS and PMMA were characterized to be 51,000

and 30,800 Da, respectively, with a narrow dispersity (Đ = Mw/Mn) less than 1.04, as analyzed

using size-exclusion  chromatography  (SEC)  (Figure  S1).  Differential  scanning  calorimetry

(DSC: PerkinElmer Diamond DSC) was conducted at a heating rate of 20 ℃/min from 50 to 250

℃. Glass transition temperature (Tg) of the PS and PMMA were evaluated to be 104 and 125 ℃,

respectively, measured during the second heating run (Figure S1). 

Wide-angle X-ray Scattering (WAXS) 

The WAXS experiments were performed at the Pohang Accelerator Laboratory (4C and 9A

beamlines),  Korea.  The  operating  conditions  for  the  4C  and  9A beamlines  were  set  at  the

wavelength of λ = 0.733 and 0.626 Å, respectively, a typical beam size of 0.8 mm × 0.8 mm, a

sample-to-detector distance (SDD) of 0.2 m, and exposure times of 1–10 s. A two-dimensional

(2D) Mar CCD camera (Rayonix LLC., Marccd-165) was used to collect the scattered intensities.
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The scattering  patterns  were  collected  at  various  temperatures and azimuthally  integrated  to

produce one-dimensional (1D) WAXS intensity profiles as functions of the scattering vector q.

Thermal behavior of Homopolymers

Solutions of PS and PMMA in toluene were spin-coated onto a standard Si substrate (with a 2-

nm oxide layer) typically at 1500 to 3000 rpm for 60 s, and the films were thermally annealed at

150 ℃ under vacuum for 24 h. The films were prepared with a thickness greater than 300 nm, in

which the physical properties of the films are presumed to be close to those of the bulk state.17,18

For  ellipsometry measurements,  halogen  and  deuterium  UV–Vis  light  sources  were

cooperatively used for the PS films to access a wide range of λ from 150 to 850 nm (or 1.5 – 5.0

eV), whereas for the PMMA films a halogen source was applied to cover λ from 350 to 850 nm

(or  1.5 –  3.5 eV).  A lab-made heating  stage was installed  in the  spectroscopic  ellipsometry

(SEMG-1000, Nanoview Co., Korea) to obtain two ellipsometric angles (Ψ and δ) as a function

of temperature.  To evaluate the  thermal  expansion of the homopolymer films,  in-situ heating

experiments were carried out from 30 to 250 ℃ at a rate of 2.0 ℃/min under vacuum.

RESULTS AND DISCUSSION

Anionic  polymerization  was  used  to  prepare  well-defined  amorphous  PS  and  PMMA

homopolymers with narrow dispersities less than 1.04. The PS and PMMA samples were pre-

annealed at constant temperatures of 140 and 160 ℃ under vacuum, respectively, above their Tgs

(104  and  125  ℃ of  PS  and  PMMA,  respectively)  to  ensure  an  equilibrium  state  prior  to

measurement. The  WAXS experiments were carried out for structural characterization and the

scattering patterns were collected from 30 to 250 ℃ during heating at a rate of 2.0 ℃/min. The

measurements were conducted in an N2 environment to suppress the thermal degradation of the
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samples at high temperatures. For the PS, a 2D WAXS pattern (inset of Figure 1a) measured at

30  ℃ exhibits the three distinct amorphous halo rings, indicating that the structure lacks long-

range  periodic  molecular  order.  By azimuthally  integrating  the 2D data measured  at  various

temperatures, we obtained the 1D WAXS intensity profiles of the PS (Figure 1a) as a function of

the scattering vector q = (4π/λ)sinθ,  where 2θ and λ are the scattering angle and wavelength of

the incident X-ray beam, respectively. The three characteristic peaks identified at 0.72, 1.37, and

2.95 Å-1 (denoted as qa, qb, and qd, respectively) are distinct and maintain their peak shapes when

the sample is heated to 250 ℃. These peaks correspond to d-spacings of 8.61, 4.56, and 2.13 Å,

respectively, by Bragg’s law (d = 2π/q). 

The peaks  of the PS are attributed  to combinations  of inter-  and intramolecular  distances

between the backbone, phenyl, and repeating units (Figure 1b), according to molecular dynamics

simulations for the PS.9,15,16 The first peak (qa) represents a large molecular distance, averaged

primarily from the intermolecular distances of backbone-backbone and backbone-phenyl. The

second peak (qb) indicates an intermolecular phenyl-phenyl distance in major, although it also

includes  minor  contributions  from  the  intramolecular  phenyl-phenyl  and  intermolecular

backbone-phenyl distances. Interestingly, the highest intensity was observed in qb, likely because

the phenyl-phenyl correlations have a higher electron density than the others. In Particular, the

contributions from the intermolecular backbone-phenyl distance affect both  qa and  qb because

this distance spatially falls between the intermolecular distances of phenyl-phenyl and backbone-

backbone.16 The third broad maximum (qd) corresponds to a repeating-unit distance averaged

from the  carbon-second carbon distances along the backbone chains, which have the smallest

correlation size in the polymer chains.

Figure  1c shows  the  molecular  distance  (d)  as  a  function  of  temperature,  where  the

temperature-dependent  d values  are  normalized  by  each  initial  d0.  Interestingly,  remarkable
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temperature  dependence  was  observed  specifically  for  the  intermolecular  distances  (da).  The

thermal energy intensifies the vibrational modes of the rotational isomeric chains, enabling a

remarkable increase in da associated with weak interactions such as Van der Waals forces and π-

π  interactions.  As  temperature  increases,  the  Tg of  PS  was  determined  to  be  105 ℃ at  the

intersection of the glassy and rubbery temperature ranges; this was very close to that (104  ℃)

measured by the DSC experiment. A similar trend was observed for the phenyl-phenyl molecular

distance (db),  although the temperature dependence was lower than that  of  da.  However,  the

repeating-unit distance (dd) remains unchanged regardless of the increase in temperature because

of the dominant presence of strong covalent bonds. Note that above the  Tg of the PS, a slight

increase  in  the  intensity  of  qa with  increasing  temperature  is  not  indicative  of  increasing

molecular order but the consequence of the shift in qa toward lower-q (Figure S2).16

The 2D WAXS pattern of the PMMA (inset of Figure 2a) measured at 30 ℃ displays the three

distinct amorphous halo rings. The three characteristic peaks at 0.94, 2.15, and 2.96 Å-1 (denoted

as qa, qc, and qd, respectively) (Figure 2a), corresponding to d-spacings of 6.40, 2.92, and 2.12 Å,

respectively,  are  attributed  to  the  nonperiodic,  short-range  molecular  order. As  temperature

increases to 250 ℃, the three peaks show a trend similar to the peaks of the PS. The first peak

(qa) represents a large molecular distance, averaged primarily from the intermolecular distances

of backbone-backbone, backbone-ester, and backbone-methyl (Figure 2b). It should be noted that

a  small  shoulder  peak (qb =1.24  Å-1)  on  the  right  side  of  the  first  peak is  attributed  to  the

intramolecular ester-ester distance (db = 5.06 Å) though in minor (Figure S3).13 The second peak

(qc) represents an intramolecular methyl-methyl distance (or a smaller-scale ester-ester distance),

while the third broad maximum (qd) corresponds to an average repeating-unit distance, similar to

that  (dd =  2.13  Å) of  the  PS.  Figure  2c shows  each  molecular  distance  (d)  with  increasing

temperature.  The intermolecular  distances  (da) exhibit  a  strong  temperature  dependence.  As
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temperature increases, the Tg of PMMA was determined to be 125 ℃, which was the same as that

(125 ℃) measured by the DSC experiment.  However,  the intramolecular  distance of methyl-

methyl  (dc)  slightly increases  above the  Tg,  whereas the repeating-unit  distance  (dd)  remains

nearly independent of temperature.

As manifested in the PS and PMMA, thermal expansion occurs predominantly perpendicular

to the main chain rather than parallel, which is caused by a decrease in Van der Waals molecular

interactions.  In  amorphous  polymers,  numerous  chains  are  randomly  entangled  and  radial

thermal expansion of the entire chain occurs, in which the short-range-order molecular expansion

would be associated with inter-  and intramolecular  distances. In a framework that the strong

correlation  maxima  in  the  WAXS  data  reflect  the  most  probable  molecular  distances,  the

molecular volume can be reasonably determined using the three distinct average distances. The

apparent molecular volume (V) was evaluated by da×db×dd and da×dc×dd for the PS and PMMA,

respectively (Figure 3a). The V was normalized by each initial V0 measured at 30 ℃ and plotted

as a function of temperature (Figure 3b). The two different slopes below and above  Tg were

evident for the PS and PMMA, and the Tgs were determined from the intersection of the slopes,

as denoted by the red arrows. These slopes corresponding to the glassy and rubbery states were

defined  as  the  coefficient  of  molecular  expansion  (CME)  for  the  amorphous  polymers.  The

CMEs  for  the  PS  were  determined  to  be  2.45×10-4/℃ below  Tg and  6.67×10-4/℃ above  Tg,

whereas for the PMMA, the CMEs were 1.59×10-4/℃ below Tg and 6.98×10-4/℃ above Tg. 

For the  experimental volume expansions, the films were prepared with a thickness greater

than 300 nm (307 and 310 nm  of  the  PS and PMMA, respectively),  in  which  the  physical

properties of the films are presumed to be close to those of the bulk state. Ellipsometry was used

to measure film thicknesses of the samples, where the thicknesses were collected from 30 to 250

℃ during heating at a rate of 2.0 ℃/min (Figure 3c). In the film geometry, the normalized film
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thickness (h/h0) can be directly correlated to the volume change (V/V0), since the polymer chain

expands vertically but not laterally due to a greater surface area (1.0 cm × 1.0 cm) than the

thickness.17,19 The CTEs of the glassy and rubbery states of the samples (the  αg and  αr values,

respectively) were characterized below and above Tg, respectively, leading to the Tgs of 104 and

124  ℃ for  the  PS  and  PMMA,  respectively.  The  CTEs  obtained  from  the  ellipsometry

measurements were evaluated to be αg = 2.09×10-4/℃ below Tg and αr = 6.48×10-4/℃ above Tg for

the PS, and  αg = 1.98×10-4/℃ below  Tg and  αr = 6.27×10-4/℃ above  Tg for the PMMA. These

values are similar to the values reported previously,17, 18, 20 although the αr values of the PS and

PMMA decrease  with  decreasing  film thickness  due to  the  long-range interactions  from the

substrates (Figure S4). Surprisingly, the CMEs obtained from the WAXS results for the PS and

PMMA were found to be highly reliable and consistent with the CTEs within the experimental

error ranges. Our results demonstrate that the  characteristic peaks  identified in the WAXS are

average  distances  that  encompass  all  the  correlation  distances  interoperated  in  the  polymer

chains.

CONCLUSION

We explored the molecular  distances  for the two amorphous polymers of PS and PMMA

using the WAXS measurements.  Owing to the loss of molecular periodicity,  the short-range-

order correlations of the polymer chains were unique and  sufficient  to represent the dominant

inter- and intramolecular interactions between the backbone, substituents, and repeating units.

For the three characteristic peaks of both PS and PMMA, the average inter- and intramolecular

distances  were extracted  to  compare their  temperature dependences.  Remarkable  temperature

dependence was identified for the largest molecular distances averaged from the intermolecular

distances, although very weak and negligible for the intramolecular and repeating-unit distances.
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Because it is reasonable to believe that the strong correlation maxima observed in the WAXS

intensity profiles reflect the most probable molecular distances, the normalized molecular volume

(V/V0) was characterized as functions of temperature. The CMEs derived from the WAXS results

for the PS and PMMA were highly reliable and consistent with the CTEs quantified by volume

measurements. Our approach, which correlates molecular- and macro-scale volume expansions,

can  provide  an  easy  and  straightforward  methodology  to  predict  the  CTEs  of  amorphous

polymers based on the accessible correlation distances interoperated in the polymer chains.
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Figure 1. (a) WAXS intensity profiles of PS during heating at a rate of 2.0 ℃ /min from 30 to 250 ℃, where
the intensities were shifted by a factor of 0.04 to avoid overlap. The dashed lines denote qa (black), qb (red),
and  qd (blue).  The inset displays the 2D WAXS pattern measured at 30  ℃.  (b) Schematic illustration of
various correlation contributions and average molecular distances (da, db and dd) along the PS chains. (c)
Molecular  distance  (d/d0)  as  a  function  of  temperature,  where  the  temperature-dependent  d values  are
normalized by each initial d0 measured at 30 ℃.
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Figure 2. (a) WAXS intensity profiles of PMMA during heating at a rate of 2.0 ℃ /min from 30 to 250 ℃,
where the intensities were shifted by a factor of 0.04 to avoid overlap. The dashed lines denote qa (black), qb

(red),  qc (purple), and  qd (blue). The inset displays a 2D WAXS pattern measured at 30  ℃. (b) Schematic
illustration of various correlation contributions and average molecular distances (da, db, dc, and dd) along the
PMMA chains. (c) Molecular distance (d/d0) as a function of temperature, where the temperature-dependent d
are normalized by each initial d0 measured at 30 ℃.
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Figure 3. (a) Apparent molecular volume (V) evaluated from da×db×db and da×dc×db for the PS and PMMA,
respectively. (b) Molecular volume (V/V0) as a function of temperature, where the temperature-dependent V
were normalized by each initial V0 measured at 30 ℃. The PS data was shifted by a factor of 0.03 to avoid
overlap. The two different slopes below and above Tg (denoted by the red arrows) are defined as the coefficient
of  molecular  expansion  (CME)  for  amorphous  polymers.  (c)  Film  thickness  (h/h0)  as  a  function  of
temperature,  where the temperature-dependent  h were normalized  by  each initial  h0 =  307 and 310 nm
measured at 30 ℃ for the PS and PMMA, respectively. The temperature dependence of h/h0 corresponds to
the coefficient  of  thermal  expansion (CTE)  obtained from the ellipsometry measurements,  providing  the
CTEs of the glassy and rubbery states of the samples (the αg and αr values, respectively).
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