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Anisotropy of hole structures in polymers probed by two-dimensional angular correlation
of annihilation radiation
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Two-dimensional angular correlation of annihilation radiati®@D-ACAR) experiments have been per-
formed in a semicrystalline polymer, polyaryl-ether-ether-ketone. The two-dimensional hole structures of
unstretched and stretched polymers, determined from the momentum distributions, are found to be spherical
and ellipsoidal, respectively. The average hole radii are determined to be 2.6 A in the unstretched sample and
between 1.9 and 3.6 A in the stretched sample. Applications of the 2D-ACAR method to image the three-
dimensional hole, free-volume, and cavity structures of molecular systems are discussed.
[S0163-182696)12227-X

I. INTRODUCTION polymeric materials when Ps is localized in the hole. We
have reported a result for anisotropy of free-volume hole

Application of polymeric materials to industry requires a dimensions in a stretched polymer probed by one-
basic understanding of materials properties. An importantimensional ACAR(1D-ACAR).*
problem with polymeric materials is the existence of open In this paper, we report a measurement of the two-
free volumes and holes, which allow molecular relaxationdimensional structure of free-volume holes in semicrystalline
The size of these open spaces is on the order of sulpolymer samples by using the 2D-ACAR method.
nanometefi.e., A). The determination of these atomic-scale
free volumes and holes has been a challenge for materials
scientists in recent years. Many experimental methbdse Il. EXPERIMENTAL
been applied to determine the physical properties of these
atomic holes and only limited information about hole size,
fraction, and shape is forthcoming. In a semicrystalline polymer, applying an external tensile

In recent years, positron annihilation spectrosc@psS is expected to result in a change in the hole shape from an
is emerging as a useful technique to determine free-volumsotropic to an anisotropic structure along the tensile orien-
and hole properties of polymeric materidlSthe unique tation. A semicrystalline sample used in this study was pre-
property of the localization of the positronium atom, @s pared by isothermal treatment of an amorphous polyaryl-
bound atom between an electron and a posjtram an  ether-ether-ketonéPEEK) supplied by Imperial Chemical,
atomic hole ranging from a radius of 1 to 10 A, makes PASInc., Americas(Wilmington, Delawarg Its chemical struc-

a sensitive probe for free-volume and hole characterizatiorture is shown in Fig. 1. The original 986 amorphous

A technique that provides a direct means of measuring hol®eEEK has a glass transition temperature of 144 °C and den-
size, fraction, and distribution is positron annihilation life- sity of 1.264<10° kg/m®. The annealing was performed at
time (PAL) spectroscopy. This is because there exists a onet60 °C for 30 min. After annealing, the sample was slowly
to-one relationship between the obsen@dPs (the triplet  cooled down to room temperature. The crystallinity of the
state of Pslifetime and the hole dimension, and the forma- annealed sample was determined to be 23.0% by the density
tion probability ofo-Ps is related to the number of holes in a

polymeric material. However, this technique only provides

the average hole dimensions but not the structure— Nal detector Nal detector

particularly anisotropy.

Another PAS technique is the angular correlation of pos-
itron annihilation radiationlACAR), which has been suc-
cessfully used to probe the Fermi surface of metallic
crystals® ACAR monitors coincident 2 radiation, which is
a potential probe to determine hole structure in oriented

A. Polymer samples

FIG. 2. A schematic diagram of 2D-ACAR spectrometer. The

: o}
o— 5 i distance between the Anger caméial detectorsand the sample
(d) is 10 m. The momentum componermts and p, carried by 2
n . . .
rays detected in coincidence by the detector elerhgnandRy, at

FIG. 1. Chemical structure of PEEKpolyaryl-ether-ether- coordinates % ,x;) and (X)) are given byp,=(z+z,) mc/d;
ketong. Px=(X;+X) mc/d.
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Raw Spectrum in Quartz Anisotropy Spectrum
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FIG. 3. 2D-ACAR raw spectrum and anisotropy plot in an oriented quartz crystal. The central peak of the raw spectrum is used to
calculate the angular resolution. The satellite peaks in the anisotropyriglot) correspond t@-Ps delocalization at the reciprocal lattice
sites of the quartz crystal.

measuremenidensity=1.293x 10° kg/m°). Detailed descrip- tron source is collimated by tungsten so that no prompt
tions of sample preparation were given in another of ourays are detected by the camera. The coincident positron-
papers: electron photons by 2 annihilation are registered and pro-
One of the prepared PEEK samples was cut in a dog-boneessed into 256256 momentum matricep(,p,) according
shape and was then stretched uniaxially to a ratio of stretchel@ the positionsx andz from both cameras. The coincident
to narrow axis of 2.60. Two 1l-cm-wide and 1-mm-thick counting rate is about 250 cps and the number of total counts
samples, one stretched and the other unstretched, were & €ach spectrum is 310°. 2D-ACAR spectra of each

tached to the copper sample holder for the 2D-ACAR experiSample were recorded twice, once with and once without
ments. magnetic field, at room temperature. The data reported in this

paper are those without the magnetic field. The effect of the
magnetic field will be reported elsewhere.
B. 2D-ACAR spectrometer The angular resolution of the 2D-ACAR spectrometer
Our 2D-ACAR spectrometer was the same one used avas determined by measuring the full width at half maxi-
Brandeis University for measurement of momentummum (FWHM) of the central peak in the 2D-ACAR spec-
densities’ Figure 2 shows the geometry of the 2D-ACAR trum of an oriented quartz crystal.
setup. The system consists of two Anger caméffscm- . i i o
diameter Nal detectors with 37 photomultipliprsThe C. Principle of two-dimensional momentum distribution
sample-detector distance is 10.0 m. The positron source is 50 In a 2D-ACAR experiment, the experimental data repre-
mCi of ?Na (DuPont model NEROY7 which is focused to sent a projection of the underlying three-dimensional
the sample under a magnetic field of up to 2.0 T. The posielectron-positron momentum densijty,(p):

UNSTRETCHED PEEK STRETCHED PEEK
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FIG. 4. 2D-ACAR raw spectra in unstretched and stretched PEEK semicrystalline samples. The difference seen between the two samples
is due to the change of average hole structure from spherical in the unstretched sample to ellipsoidal in the stretched sample.
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TABLE |. Angular resolution of 2D-ACAR.(1) The angular  section of an ACAR spectrum. Therefore one expects to ob-
resolutions are determined from the FWHM's of the central peak ofserve a correlation from an ACAR spectrum from a polymer
the sliced 1D spectra from a 2D-ACAR spectrum in an orientedsample: a larger hole results in a narrower momentum distri-
quartz crystalFig. 1). (2) 0° corresponds to the sliced plane along pytion while a smaller hole gives a broader momentum dis-
thex axis. (3) 90° corresponds to the sliced plane alongaleais.  tribution. Since 2D-ACAR has a very good angular resolu-
tion, it is possible to accurately extract the information on

sliced angle(*) FWHM (mrad hole size from an ACAR spectrum. The one-to-one relation-

0? 0.931+0.013 ship between the hole radius and the extent of the momen-
10 0.947-0.015 tum uncertainty g5, near the center of an ACAR spectrum,
20 0.970-0.013 can be expressed by the following equatidn:

30 0.9610.023

50 1.263-0.013 whereR and 6,,, are expressed in the units of A and mrad;
60 1.152-0.019 respectively. The above equation is based on a simple model
70 1.245-0.016 of the quantum particle-Ps in an infinite potential well and

80 1.175-0.019 an electron layer thickne§s® The electron layer thickness
90° 1.181+0.019 was semiempirically determined by fitting tleePs lifetime
100 1.252£0.019 with the known cavity size of the molecular system to be
110 1.2680.016 1.66 A as a part of Eq2) above!® The derivation of Eq(2)
120 1.172:0.028 can be found elsewhefe.
130 1.158-0.018 A 1D-ACAR spectrum can typically be fitted into three
140 0.944-0.018 Gaussian functions. Each Gaussian gives a value of FWHM.
150 1.023:0.015 The FWHM of the narrow componert,, which is due to
160 1.052-0.014 p-Ps annihilation, is used to determieaccording to Eqg.
170 0.987-0.016 (2) (after deconvoluting via Eq.3), described beloyv The

2D-ACAR spectrum obtained is sliced into a series of 1D-
ACAR spectra at different crystallographic orientations. The
2D structure of holes in a polymer is then expressed as a
N(px,Ppz) = cons f pedP)Apy. (1)  series of sliced 1D-ACAR spectra with respect to the sample
orientation. Each 1D-ACAR spectrum is fitted using the
computer programcArFIT. !

According to the Heisenberg uncertainty principle, the
product of the momentum and space uncertaintiesi®2. A
2D-ACAR spectrum contains the momentum distribution lll. RESULTS AND DISCUSSION
which arises from positron annihilation in a hole with a finite
radius R) in a polymer. Particularly, th@-Ps (the singlet
state of P} self-annihilation contributes to they2annihila- In 2D-ACAR, the angular resolution also depends on the
tion arising from the momentum uncertainty for a finite hole.location of detectors. It is important to determine the angular
This part of the annihilation contributes to near the centraresolution of the 2D-ACAR spectrometer at different loca-

A. Resolution functions
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FIG. 5. Contour plots of 2D-ACAR raw spectra in unstretched and stretched PEEK samples. A narrowing of momentum density along
z is due to the elongation of hole dimension.
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TABLE Il. 2D-ACAR results of unstretched PEEK. TABLE lll. 2D-ACAR results of stretched PEEK.
Rotation 0112 R Iy Rotation 01/» R Iy
©) (mrad (R) (%) ©) (mrad (R) (%)
0 3.912 2.58 8.848 0 4.637 1.92 7.401
+0.051 +0.03 +0.032 +0.052 +0.03 +0.030
10 3.918 2.58 8.167 10 4.575 1.97 7.005
+0.051 +0.03 +0.031 +0.052 +0.03 +0.029
20 3.922 2.57 8.282 20 4.467 2.07 7.380
+0.051 +0.03 +0.031 +0.052 +0.03 +0.030
30 3.920 2.57 8.879 30 4.357 2.15 7.794
+0.051 +0.03 +0.031 +0.052 +0.03 +0.030
40 3.935 257 8.814 40 4.168 2.32 7.252
+0.051 +0.03 +0.031 +0.052 +0.03 +0.030
50 4.004 2.49 8.371 50 3.974 2.52 7.601
+0.051 +0.03 +0.031 +0.051 +0.03 +0.030
60 3.971 2.52 8.610 60 3.712 2.81 7.006
+0.051 +0.03 +0.031 +0.051 +0.03 +0.030
70 3.999 2.49 8.000 70 3.481 3.11 7.761
+0.051 +0.03 +0.031 +0.051 +0.03 +0.030
80 3.978 251 8.885 80 3.262 3.43 7.856
+0.051 +0.03 +0.031 +0.051 +0.03 +0.029
90 3.979 251 8.796 90 3.164 3.59 7.161
+0.051 +0.03 +0.032 +0.050 +0.03 +0.030
100 4.000 2.49 8.411 100 3.290 3.39 7.733
+0.051 +0.03 +0.031 +0.050 +0.03 +0.030
110 3.994 2.50 8.797 110 3.521 3.06 7.917
+0.051 +0.03 +0.031 +0.050 +0.03 +0.030
120 3.976 2.52 8.933 120 3.717 2.81 7.055
+0.051 +0.03 +0.031 +0.050 +0.03 +0.030
130 3.972 2.52 8.554 130 3.942 2.55 7.172
+0.051 +0.03 +0.031 +0.051 +0.03 +0.030
140 3.915 2.58 8.356 140 4.152 2.34 7.473
+0.051 +0.03 +0.031 +0.051 +0.03 +0.030
150 3.934 2.56 8.221 150 4.372 2.14 7.473
+0.051 +0.03 +0.031 +0.051 +0.03 +0.030
160 3.944 2.55 8.517 160 4.486 2.04 7.974
+0.051 +0.03 +0.031 +0.051 +0.03 +0.030
170 3.944 2.55 8.884 170 4.643 1.92 7.881
+0.051 +0.03 +0.031 +0.051 +0.03 +0.030

tions so that a more accurate hole dimension can be deteresolutions, and positron thermal motion, and are used to
mined. We determine the angular resolution by measuringxtract the momentum broadening duet®s localization in

the 2D-ACAR spectrum in an oriented quartz sample. Theholes from the 2D-ACAR spectra in polymer samples.
2D-ACAR spectrum and anisotropy plot of quartz are shown

in Fig. 3. The satellite peaks represent the delocalization of .

p-Ps at the reciprocal lattice sites of quartz crystals. We re- B. 2D-ACAR spectra in PEEK polymers

solve the sliced 1D-ACAR from the 2D-ACAR spectra into  We obtained 2D-ACAR spectra in two samples: one un-
three Gaussians and obtain the FWHM values as a functiostretched and one stretched PEEK. Figs. 4 and 5 show the
of geometrical direction. The resulting angular resolufion raw 2D-ACAR spectra on three-dimensional and two-
mrad for 2D-ACAR spectrometers is listed in Table I. As dimensional plots for both samples. The experiments were
shown in Table I, we obtain a better angular resolution alongperformed at room temperature and in ambient atmosphere.
the x axis than thez axis because the positron annihilates atEach spectrum contains a total count of1I0° over a period

a shorter range on the axis (which is the depth of the of 1 week of data acquisition. As shown in Figs. 4 and 5, we
positron into the sample;0.1 mm than on the axis(which ~ observe a spherical contour of 2D-ACAR spectra in the un-
is the positron beam size stopped on the samp,mm). stretched PEEK sample. However, in the stretched sample,
The angular resolutiondable |) are the actual experimental we observe an ellipsoidal contour of 2D-ACAR spectra. In
resolutions which contain geometry dispersions, detectothe unstretched sample, since the semicrystalline PEEK has
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(I) FIG. 7. Mean free-volume hole structures of unstretched and

8 (mrad) stretched PEEK samples. The stretched structure is ellipsoidal,

while the unstretched one is spherical.

FIG. 6. 1D plot of 2D-ACAR spectra along axis and

(stretchedl z axis. A narrowing of momentum density in tlzedi-  tion. In order to obtain the two-dimensional hole structure,

rection is due to the stretching of holes along thaxis. we process the 2D-ACAR raw data as follow$) The 2D-
ACAR spectra are projected to 1D spectra along a rotation

no crystallographic orientation, we expect the average holangle of momentum vector alorg, (p, andp, are denoted

structure to be isotropic. Therefore the 2D-ACAR spectrumas 0° and 90° rotation, respectively, ardand z are the

is symmetrical with respect tp, or p,, although the indi- geometrical directions perpendicular to the annihilation

vidual hole may not be spherical. In the stretched sample, the-ray vectoy; (2) each 1D-ACAR spectrum is fitted into

hole is thought to align along the stretched directigh @nd  three Gaussians using tReARFIT program in thePATFIT

thus the average hole structure is expected to be ellipsoidgbackage-! (3) the FWHM of the narrow component of sliced

with a semimajor hole axis along the stretched directpn ( 1D spectra, FWHMN), is deconvoluted from the fit as a square

and a semiminor axis along thedirection. In an ellipsoidal sum??

hole model, the Ps wave function is distributed similarly to

its hole structuré! According to the uncertainty principle, FWHMZ= (6, + 67, ©)

the long(semimajoy axis is expected to result in a smaller

momentum uncertainty while the shdgemiminoj axis is

expected to have a larger one. As shown in Figs. 4 and 5, i SO R .
a stretched sample, the positron-electron momentum densi erhoI(%a;c;]r;gea Sf)negrzﬁec/\?;g\ig?tgntﬁz Csifgéatleg_zgcxlédmg
is seen to be ellipsoidal with a narrow distribution along the q- vz T '

spectra(each containing- 10° cound, we find three Gauss-

z direction. A clear difference in momentum distribution be-; . . )
tween the unstretched and stretched samples is obvious&ntggq%t:ggségu%z;r?sr:zszrl%?%(ziazllghﬁw';\émmesir
seen in the raw spectrum, particularly in Fig. 5. This obser- - '

N > 0 0
vation is similar to the result of 1D-ACAR spectra obtained ggrizzozgmillnt‘?’ﬂzltrzzs;rg\:\?ct)orﬁngntgn?‘;f)r;esjé) As r;dec-
as a function of crystal orientatidh. 0, FeSP Y. P P

The obtained 2D-ACAR spectra contain the two- frum is attributed tg-Ps annihilation of a free-volume hole

. . . . while the intermediate and broad components are due, re-
dimensional hole structure perpendicular to therdy direc spectively, to positroiunboundeglannihilation and to some

0-Ps pickoff annihilation. The results of the narrow compo-
nent (6, after the resolution function is deconvolutedr
both unstretched and stretched samples are listed in Tables I

whereé, is the angular resolution of 2D-ACAR spectrometer
btained in a quartz cryst&lable ); and (4) the radius of

TABLE IV. Comparison of PAL and ACAR results in PEEK.

Unstretched Stretched . .
and Ill. Our results of6;,, and |, are consistent with the
R (ACAR) 2.54 =0.03 A 1.92-3.59+ 0.03 A previous 1D-ACAR data as a function of crystallographic
Ir-ps (ACAR) 8.54 +0.05 7.45+ 0.05 orientation? The sliced 1D-ACAR spectra along theandz
5 (PAL) 1.785+0.012 ns 1.632+ 0.012 ns  axes for both samples are plotted in Fig. 6. A clear narrowing
lo.ps (PAL) 18.1 +0.2 19.0+ 0.20 of the ACAR spectrum along the stretcheg) @xis is seen.
R (PAL) 264 +0.10 A 250+ 0.10 A In Table Il, we observe thab,,, is isotropic and the

average hole radiuR=2.54+0.03 A in the unstretched
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PEEK sample. In Table I, we observe thj, varies from  the I, obtained from PAL. This is probably due to the
4.64 to 3.6 mrad and the average hole radugaries from  computer's fitting difficulty in separating-Ps from positron
1.92 to 3.590.03 A in the stretched PEEK sample. The components in 2D-ACAR spectra.

anisotropy of hole structure in the stretched PEEK is found The complete two-dimensional hole structures obtained
to be 1.9:0.1. The obtained anisotropy of free-volume holesfrom 2D-ACAR are plotted in Fig. 7. The figure shows that
(=1.9 is less than the macroscopic stretched ratio ofzhe the free-volume hole structure is spherical in the unstretched

axis to thex axis (=2.6). This difference is understandable PEEK sample and ellipsoidal in the stretched PEEK sample.
because 2D-ACAR measures the microscdptomic leve)

anisotropy, which in general is smaller than the macroscopic
stretch ratio as the sample may relax after stretching. This
smaller anisotropy in free-volume holes is consistent with We have demonstrated the use of 2D-ACAR in determin-
the lifetime results as a function of eccentricity in a stretchedng the anisotropy of free-volume hole structures in stretched
PEEK samplé? PEEK semicrystalline polymers. The mechanically stretched
It is interesting to compare the 2D-ACAR results with the PEEK (stretch ratie=2.6) has an anisotropy of hole structure
PAL results in the stretched PEEK samples. PAL gives thef 1.9. It is thus possible to image the three-dimensional hole
average hole size while 2D-ACAR gives additional anisot-structure by performing 2D-ACAR experiments as a function
ropy structure. Table IV shows a comparison between thenof crystallographic orientation in molecular crystals.
In the unstretched PEEK sample, hole radius results agree
very well; in the stretched PEEK, the mean radius from PAL
is consistent with the results from ACAR. The intensity of
the narrow component from 2D-ACARI;,%) is slightly This research was supported by the NSF and the Univer-
larger than one-thirdthe theoreticalp-Ps too-Ps ratig of  sity of Missouri-Research Board.

CONCLUSION
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