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Abstract

Hyperbranched poly(ether ketone) (HBPEK) with fluoro-end groups (F-HBPEK) was synthesized by a one-step polymerization reaction.
Another HBPEK with different end groups, i.e. cyano-terminated HBPEK (C-HBPEK), was prepared by chemical modification of the
fluorides in FHBPEK with cyanophenols. Through analysi$¥ynuclear magnetic resonance (NMR) spectroscopy, the degree of modifica-
tion from fluorine to cyano groups was determined to be 71%. Furthermore, it was confirmed that the most of the cyano groups were
substituted on to the terminal units rather than the linear units. Dynamical heterogeneity/homogeneity and corresponding molecular mobility
of both F- and C-HBPEK were investigated by a solid-stdieNMR spectroscopy. The results were then compared to those of linear
analogous poly(ether ketone) (LPEK), which was prepared to investigate any difference in these two characteristics due to their structural
dissimilarity. Analysis of'H magnetization decay as a function of delay time determined the spin—lattice relaxation time in the rotating
frame, Ty,. The double-exponential decay ©f, relaxation of both F- and C-HBPEK indicated coexistence of dynamically heterogeneous
phases on the basis of motional difference; each was assigned to be the linear and the branched/terminal phase, respectively. In contrast, th
single decay in LPEK confirmed a dynamical homogeneity. From further measuremdnjs ofrer the temperature range of 140—-400 K,
the correlation timeszs, and the activation energidss, were determined. The dynamics of the branched/terminal phase of HBPEKs was
greatly affected by the nature of end-group modification. The molecular motion of the linear phase of HBPEKs was faster than that of LPEK,
indicating that the hyperbranched structure was responsible for the higher molecular mobility than the linear sbu2@@ Elsevier
Science Ltd. All rights reserved.
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1. Introduction applications [9,10]. Therefore, HBPs possessing very
unique properties and produced by simple synthetic routes
Hyperbranched polymers (HBPs) are a unique class of are better-suited for applications that exploit the final
dendritic polymers (dendrimers and hyperbranched polymers)physical/mechanical properties [11,12].
that are characterized by a highly branched three-dimensional The dynamical heterogeneity or homogeneity of polymers
structure and a large number of chain ends [1-3]. Although in the solid state is interdependent with structure and the
the dendrimers and the hyperbranched polymers are basedorresponding local motion is strongly related to the
on AB,-type monomers, the former are monodisperse while physical/mechanical properties in their end use. Nevertheless,
the latter are dissimilar in the sense that they are poly- studies to characterize and understand the dynamic hetero-
disperse and contain linear segments [4—6]. However, geneity/homogeneity—molecular motion relationships, in
several of the unusual properties of dendritic polymers, conjunction with the structural dissimilarity have not
such as low viscosity, high solubility, and lack of significant been extensively accomplished. A very convenient and
entanglement, are also exhibited in HBPs [7,8]. The one- powerful means that can reveal any discrimination of
step polymerization processes are advantageous as theynotional heterogeneous regions (i.e. branched/terminal
allow HBPs to be more readily available at low costs and and linear units) within an HBP and the details of the
to be produced on a large scale for the practically potential corresponding molecular motion is solid-state nuclear
magnetic resonance (NMR) spectroscopy with pulsed wide-
* Corresponding author. Tel+82-2-880-7185; fax:82-2-885-1748. line for *H [13—16]. This can provide a convenient way to
E-mail addresssykwak-p@gong.snu.ac.kr (S.-Y. Kwak). obtain information about average local motion in a whole
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polymeric system. For the polymers in the solid state, the 2. Experimental section
usually measured parameter Yid spin—lattice relaxation
time in the rotating framel,,. The dynamical heterogeneity ~ 2.1. Materials
or homogeneity can be identified by the decay behavior of
'H magnetization foiT,, relaxation. Furthermore, from the 3,5-difluoro-4-hydroxybenzophenone?, used for the
variable temperature measurementd gk, the correlation preparation of the corresponding hyperbranched poly(ether
time, 7, is determined on the basis of Bloembergen— ketone) (F-HBPEK),3, was synthesized as described by
Purcell-Pound (BPP) and Kubo-Tomita (KT) theory Hawker (Scheme 1). The structural verification2odnd 3
[17-20]. The correlation times,, is defined as the average has been described elsewhere [21]. Cyano-terminated
time required for motional events and commonly expresseshyperbranched poly(ether ketone) (C-HBPEK), was
the molecular mobility of polymers. BPP/KT theory repre- synthesized by the reaction &f with 4-cyanophenol, in
sents a decrease iy as the motion gets faster and hence the which the fluorine groups of F-HBPEK were substituted
mobility increases. with the cyanide groups by nucleophilic displacement.
In this present paper, we focus on the dynamical hetero- The substitution of the cyano group was confirmed by the
geneity of hyperbranched poly(ether ketone)s, (F- and C- appearance of a strong peak in the IR at 2230toorre-
HBPEK), in comparison to their linear analogous poly(ether sponding to the CN stretching. Linear poly(ether ketone)
ketone) (LPEK) and the corresponding local mobility of (LPEK), 5, which had similar chemical unit structure and
each phase with respect to the nature of the end groups asnolecular weight to3 and 4, was synthesized from 4;4
well as the difference of hyperbranched versus linear difluorobenzophenone and resorcinol in the presence of
structures. For this purpose, we employed a solid-state K,CO; in NMP at reflux for 3 h in 95% yield. It is note-
pulsed wideline'H NMR spectroscopy and selected appro- worthy that the resorcinol used in the synthetic route of
priate experimental NMR protocol, spin—lattice relaxation LPEK imparted an irregular and molecularly kinked struc-
time in the rotating frameT,,,, with variable temperatures, ture, thereby providing an improved solubility in a common
which can give information on molecular motions with low solvent and hence a convenience in sample preparation and
frequency (tens of kilohertz) particularly in the solid state. characterization.



H.Y. Lee, S.-Y. Kwak / Polymer 42 (2001) 1375-1382

100 LPEK

—
(=]
T

magnetization intensity, M(7) a. u.

T T T

0.1 1 1 1 I
0.00 0.01 0.02 0.03

delay time, 7 (s)
(a)

100

J).

LIS B T (O e e e |
).
C

magnetization intensity, M(7) a. u.

C-HBPEK

0.00 0.01 0.02 0.03 0.04

delay time, 7 (s)

(b)

Fig. 1. Logarithmic plot of magnetization intensity versus delay time: (a) at
320 K for LPEK, and (b) at 290 K for HBPEKSs. The solid lines are the fit
(a) to Eq. (1) for LPEK, and (b) to Eq. (2) for HBPEKSs.

2.2. General directions

In order to analyze the degree of branching of the hyper-
branched poly(ether ketone)s’F NMR spectra were
recorded on solution DMSOgdon a Varian VXR-200
spectrometer (188.1 MHz fol°F) with external CFGl as
standard. Glass transition temperaturgs)were measured
on a Perkin—Elmer DSC 7 differential scanning calorimeter.
The temperature was varied from 50 to 26t a heating
rate of 20C/min. Calculations oT;were done by taking the
midpoint of the inflection tangent, upon the second heating
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scan. Gel permeation chromatography (GPC) was carried
out on a Waters 600 with Waters 410 differential refrac-
tometer, Waters 600 pump, and controller; data analysis
was performed by Autochro GPC software. Two styragel
columns connected in series were used with THF as the
solvent. TheM, and M,/M,, values were calculated from
the GPC results based upon calibration with polystyrene
standard.

2.3. Solid-state pulsed widelirfél NMR spectroscopy

Measurements ofH spin—lattice relaxation times in the
rotating frameT,,, at the variable temperatures (140—400 K)
for F-HBPEK, C-HBPEK, and LPEK were performed with
a Bruker model MSL-200 spectrometer (200.13 MHz for
H). A 'H 90 pulse width of 4.51s was employed with
free induction decay (FID) signal accumulations. The
various temperatures were established, within an accuracy
of £0.5 K, by regulating the heat-current in steady dry-air
flow over the room temperature and in steady cold nitrogen
gas flow from the liquid nitrogen dewar below the room
temperatureT,, relaxation times were determined in the
temperature range of 140-400 K with # spin-lock—
delay pulse sequence.

3. Results and discussion
3.1. Analysis of dynamical heterogeneity/homogeneity

The plot of *H magnetization intensity versus delay time
accomplishes the analysis of the relaxation behavior. The
'H magnetization intensity decays exponentially with a time
constant equal t@,,, as follows [13]:

M(7) = Mo exp(—17/Ty,) D

where,My is the intensity of the signal at= 5T, and T,
which is determined by a nonlinear least-squares fit using
experimental data, is the spin—lattice relaxation time in the
rotating frame based on the intramolecular dipole—dipole
interactions arising from the molecular motion in the
frequency range of tens of kilohertz under fivespin-lock-

ing field. In Fig. 1, the logarithmic magnetization intensity
is plotted against the delay time. As shown in Fig. 1a, the
magnetization of LPEK at 320 K decays with a single-expo-
nential function, being fit well to Eq. (1). Fitting of data at
any other temperature, although not shown here, also repre-
sents a single-exponential, similarly to that of 320 K. These
results indicate that LPEK is dynamically homogeneous
with identical relaxation behavior. In contrast, since decay
curves of F- and C-HBPEK do not appear to be single-
exponential, they are analyzed in terms of a few components
with different T,,s. F- and C-HBPEK show double-expo-
nential decomposition in thg,, relaxation contributed from
the two componentsT;, , and Ty, g :

M(7) = Mga exp(=7/T1,4) + Mog eXp(—7/Ty,p) 2
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TheT,, variation as a function of inverse temperature in
the range of 140-400 K is shown in Fig. 2 for individual
phases (A and B) of HBPEKS. As the temperature increases,
the Ty, plot shows a minimum, which indicates the most
efficient relaxation. It is noteworthy that even identical
values ofTy,s may be in different motional state, depending
on whether they are located on the right side or the left side
of the minimum. Thus, in order to relai, to molecular
mobility, it is necessary to determing, which is a correla-
tion time associated with the local molecular motion of less
2 3 4 5 6 7 than two to three carbons.

The temperature dependenceTgf is characteristic of a
single-activated process with correlation timeg,for which
gquantitative analyses by BPP/KT theory provide relation-

@) ship between the relaxation rate, internuclear distance, reso-
nance frequency, and spectral density function of molecular
motion (i.e. a measure of relative amount of motion) [17—
20]. For protons, the principal mechanism of relaxation is
0.10 through the time-dependent dipolar interaction, and the

0.004
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relaxation rates are given by
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0.08 | —&— C-HBPEK 4,2 [ ]
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006 ©)
= where, vy is the proton magnetogyric ratid, is Planck’s
0041 constant divided by &, r is the distance between coupled
spins, | is the spin quantum number=1/2), J(w) is the
0.02 - spectral density function at particular frequenay; is
phase B spin-lock field frequency, andvy is Larmor frequency.
0.00 ! ! L ! SinceJ(w) is given by
2 3 4 5 6 7
24 T
1000/T (K™ JQ2w,) = ¢
&) (2w1) 15r6[ d+ 4w§T§)]
®) Iwy) 4 Te
a) =
Fig. 2. 'H spin—lattice relaxation time in the rotating frami,,, versus 0 158 (1+ wg’rg)

inverse temperature for F-HBPEHR) and C-HBPEK {\): (a) A phase,
and (b) B phase.

16 T,

JQ2wg) = 5 [ £ > ]
Thus, they have the dissimilar motional phases, A and B, 15%] A+ 4wpre)
and are dynamically heterogeneous (Fig. 1b). It must be the relation between relaxation and molecular motion is
noted that two possible regions for the different motional established as
phases in the hyperbranched polymers are the linear and the
branched/terminal units, respectively. For the assignmentof 1 3 47,2
the two phases A and B of F- and C-HBPEK into the indi- T;,  10r® Y
vidual regions, various characterizations must be consid-
ered: (i) determination of correlation time,, of A and B
phases, (i) analysis of thHeF NMR spectra of both F- and [ S/21, Te L S ]
C-HBPEK to see whether the end groups from F to CN 1+ wje)  (1+40p) 1+ 40i)
groups were substituted both on A and B phases or not, 4
and finally (iii) comparison of thers of both regions of
F-HBPEK with those of corresponding regions of C- From Eg. (4), the correlation times, for the individual
HBPEK to check for any motional change induced by the protons were extracted by nonlinear curve fitting Taf,
end group modification. data at corresponding temperatures.
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Fig. 3. Correlation timer., versus inverse temperature for the A phase of  Fig. 4. Correlation timer., versus inverse temperature for the B phase of
F-HBPEK (@) and C-HBPEK [J) from 140 to 400 K. F-HBPEK (@) and C-HBPEK (J) from 140 to 400 K.

Figs. 3 and 4 showed the resulting of F- and C-HBPEK the effect of the end groups on the local molecular mobility,
for the two phases as a function of inverse temperature, respecthe degree of substitution of CN groups, the glass transition
tively. For phase A, overall molecular mobility was little temperature, and the molecular weights of F- and C-HBPEK
affected by the end-group change from F to CN groups. On was determined. In Fig. 5, by taking the ratio of total inte-
the other hand, for phase B, the change of mobility by the gration of the C-HBPEK spectrum to that of the F-HBPEK
end-group modification was very obvious. From these spectrum, the degree of substitution of C-HBPEK could be
results, it was confirmed that the end group modification calculated.
that generated the changem$ was limited to the phase B.

Fig. 5 showed thé’F NMR spectra of F- and C-HBPEK.  Degree of substitutior- (l -
Recognizing that the F-HBPEK involves individual term-
inal units with two fluorine groups and linear units with one where|l is the total integration of the spectrum, iléF-
fluorine group, the chemical environments and hence the HBPEK) is 67.33 and(C-HBPEK) is 19.15. Thus, the
chemical shifts of the terminal and linear units are different. degree of substitution was determined to be 0.71 or 71%.
% NMR spectrum of F-HBPEK shows two characteristic The glass transition temperature increased byC4@rom
resonances at-107.7 ppm (a) which correspond to the 145 to 19iC, as one proceeded from a fluoro-terminated
fluorides of the terminal unit and at108.3 ppm (b) for to an analogous cyano-terminated hyperbranched poly(ether
the fluorides of the linear unit. As seen in Fig. 5, however, ketone). This dramatic increase may be a result of the
the signal of the terminal unit{107.7 ppm) in the spectrum increase in the polarity of the chain ends (Table 1). C-
of C-HBPEK disappeared whereas that of the linear unit HBPEK, end group modified of F-HBPEK, gave a GPC
(—108.3 ppm) decreased a little, reflecting that most of M, of 9200 when that of the starting polymer, F-HBPEK,
the cyano-groups were substituted on to the terminal unitswas 14 500. This is because of the fluorocarbon effect
rather than the linear units. Therefore, recognizing that the proposed by Mueller et al., in which the fluorocarbon
reactivity of the substitution of the cyano group was better at content reduces the retention volume because of the nature
the terminal units rather than at the linear units (Fig. 5), of the lower frictional coefficient of the fluorides and hence
phase A was assigned to be the linear phase and phase Bcreases the molecular weight by ca. 2 or 3 in the case of

I(C-HBPE
( K)) )

I (F-HBPEK)

the branched/terminal phase. polyfluorinated materials [22]. Thus, on considering the
fluorocarbon effect, the actual molecular weight of C-

3.3. Analysis of local molecular mobility HBPEK was considered to be similar to or even more
than that of F-HBPEK.

Effect of end group modificatiofrior to the analysis of Figs. 3 and 4 showed the temperature variation of the

Table 1

General characteristics of F-HBPEK, C-HBPEK, and LPEK

Sample Degree of substitution (%) T, (°C) M, MWD Degree of branching

F-HBPEK 145 14500 15 0.49

C-HBPEK 71 191 9200 1.24 0.49

LPEK 123 15400 14
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Fig. 5. *F NMR spectra of F-HBPEK and C-HBPEK.

correlation times obtained froffy, measurements. For the ~ which possess structures similar to the linear, dendritic,
linear phasers of F- and C-HBPEK decreased slightly at and terminal units in the respective HBPs. As first shown
temperatures below the room temperature and droppedby Frechet et al., the DB of a hyperbranched polymer
abruptly after the room temperature. In addition, the local is commonly calculated according to the following
molecular mobility was little affected by the nature of end equation [24,25]:
groups because most of the end groups were substituted on

to the terminal units rather than linear units. For the D+T
branched/terminal phase, the tendency of abrupt decreaséB = D+T+L
of 7.5 was not clear, but the local molecular mobility was

greatly affected by the nature of end groups. The glass tran-where, D, T, and L are the fraction of dendritically,
sition temperature of C-HBPEK was higher than that of F- terminally, and linearly incorporated monomers in the
HBPEK, but the local motion determined by solid-state resulting hyperbranched polymers obtained from the
NMR spectroscopy was rather fast compared to that of F- respective signals in NMR spectra. Unlike dendrimers
HBPEK. This discrepancy m|ght be ascribed to the fact that that are perfecﬂy branched and have a DB of :I_7 hyper-
the glass transition temperature was related to the cooperapranched polymers accept a certain degree of imperfec-
tive motions of 30—100 backbone carbons whereas correla-tion, j.e. the value of 0.4-0.8. However, for the degrees
tion times were associated with the local motion of less than of branching of large hyperbranched polymers, where

two to three carbons [23]. T > N, the following relationship was introduced by
Effect of molecular architectureTo investigate the  Hoiter et al. [26].

effect of the molecular architecture (i.e. hyperbranched
versus linear) on the local molecular mobility, determi- pp = o _ b+T &
nation of the degrees of branching of HBPEKs and their 2b+L  D+T+L 2T+L
molecular weights and LPEK were preceded and then, Integration of these well-resolved resonances in Fig. 5
the 7.s of the linear portion of hyperbranched polymers allows the relative percentage of the terminal and linear
(F-HBPEK and C-HBPEK) were compared to those of units to be determined. From these values and Eq. (7),
LPEK. the degree of branching of F-HBPEK is calculated to be
A molecular parameter indicating the dissimilarity in  0.49 or 49% and that of C-HBPEK was considered to be
molecular architecture between hyperbranched and linearsame. The molecular weights of HBPEKs and LPEK are
polymers is the degree of branching (DB). The DB is determined by GPC analysis calibrated with polystyrene
commonly determined by NMR spectroscopy on the standards (Table 1). Hyperbranched polymers, in
basis of low molecular weight model compounds, comparison to their linear analogues, are generally

(6

@)
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Fig. 6. 'H spin—lattice relaxation time in the rotating frani&,, versus Fig. 7. Correlation timer,, versus inverse temperature for linear phase of
inverse temperature for LPEK. F-HBPEK (@), C-HBPEK (J), and LPEK @) from 260 to 400 K.

expected to exhibit lower molecular weights. This is activation energies of HBPEKs showed the same trend as
mainly ascribed to the smaller hydrodynamic volume that of correlation times, but the difference between F-
decreased by the high branching than for its linear coun- HBPEK and C-HBPEK in the linear phase was more promi-
terpart of the same molar weight. Thus, the molecular nent than the results of correlation time (Table 2).
weights of HBPEKs are considered to be similar to or
even more than that of LPEK [12]. _

Fig. 6 showed the temperature dependencg g inthe 4. Conclusions
temperature range of 260—420 K for LPEK. After applying ) ] . .
the same procedure to HBPEKS, the corresponding correla- ThiS present paper gave details of dynamical/motional
tion times were determined. Despite the fact that HBPEKs Properties of hyperbranched poly(ether ketone)s in com-
and LPEK had similar chemical unit structure and molecu- Parison to their linear counterpart.
lar weight, HBPEKs having degrees of branching of 0.49
had shorter correlation times and hence higher local mole- 1. From the measurements of spin—lattice relaxation time in
cular mobility than LPEK through the corresponding  the rotating frameT,,, by the solid-state pulsed wideline
temperature range (Fig. 7). These results indicated that the H NMR spectroscopy, hyperbranched poly(ether ketone)s
hyperstructure imparted faster molecular motion than the ~ Were confirmed to be dynamically heterogeneous systems
linear structure through the entire range of experimental having two different motional phases, A and B, whereas
temperature’ and the difference became |arger as the LPEK demonstrated the Single experimental relaxation

temperature increased. behavior indicating that it was dynamically homogeneous.
Activation energy.Further insight into the molecular 2. TO assign phases A and B, HBPEKSs having two different

motion helps to determine the activation enerBy,[27]. end groups were prepared. C-HBPEK was end group modi-

For thermally activated motior, as a function of tempera- fied from F-HBPEK and had a degree of substitution of

ture is given by a simple Arrhenius expression, as follows: ~ 71%. From the results of correlation times afil NMR
spectra, each phase was assigned as linear and branched/

e = Teo €XP(E/RT) @) terminal, respectively.

where,r.is the correlation time at infinite temperature and 3. The correlation times exhibited that the local molecular
R is the molar gas constant. The activation energy is the Mmobility of HBPEKs was increased abruptly near the
barrier that must be overcame for reorientation to occur. For ~ f00m temperatures whereas those of LPEK were enhanced
LPEK, the plot of the logarithm of the correlation time as a Table 2

function of the iqverse temperature was linear yvith a slope acivation energies of F-HBPEK, C-HBPEK, and LPEK

that was proportional to the activation energy (Fig. 7). From
Fig. 7 and Eq. (8), the activation energy was calculated to be Sample Ea (kd/mol)
about 10.12 kJ/mol. In contrast, as seen in Figs. 5 and 6, the

. . Linear phase Branched/terminal phase
hyperbranched polymers did not follow the Arrhenius
behavior. Thus, the activation energies were estimatedF-HBPEK 8.50 6.16
from the slope of the lower temperature side of the mini- C-HBPEK 5.98 1042 3.07

mum in the logarithmic plot ofT,, versus II. The
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linearly. Thus, it was confirmed that HBPEKs and LPEK  [5] Hawker CJ, Farrington PJ, Mackay ME, Wooley KL, Ehet JMJ. J
showed different motional behavior because of the struc- Am Chem Soc 1995;117:4409.

R . [6] Wooley KL, Frechet JIMJ. Polymer 1994;35:4489.
tural dissimilarity. In contrast, the branched/terminal phase [7] Kim YH, Webster OW. Macromolecules 1992:25:5501.

of HB_PEKS was greatly affected by the nature of end grou-p [8] Carr PL, Devies GR, Feast WJ, Stainton NM. Polymer 1996;37:
functionality and presented that the local molecular mobi- 2395,

lity of C-HBPEK was rather enhanced as compared to F- [9] Miravet JF, Ffehet JMJ. Macromolecules 1998;31:3461.

HBPEK. The linear phase of HBPEKs whose degrees of [10] Kim YH, Webster OW. J Am Chem Soc 1990;112:4592.

: : - [11] Shu CF, Leu CM. Macromolecules 1999;32:100.
branChmg were 0.49 had shorter correlation times and [12] Hult A, Johansson M, Malmstm E. Macromol Symp 1995;98:1159.

hence higher molecular mobility than LPEK through the (13 Gentzler M, Reimer JA. Macromolecules 1997;30:8365.
corresponding temperature range. [14] Olcsk D, Stanchkova A, Spaldonovaz, KatreniakovaO. Polymer
1995;36:487.
[15] Kwak S-Y, Kim JH, Kim SY, Kwon IH. J Polym Sci B Polym Phys
2000;38:1285.
Acknowledgements [16] Bovey FA, Mirau PA. NMR of polymers. London: Academic Press,
1996.

The authors are grateful to the Korea Science and Engineer-[17] Bloembergen N, Purcell EM, Pound RV. Phys Rev 1948;73:679.
ing Foundation (KOSEF) for the support of this study through [18] Jones GP. Phys Rev 1966;148:332.

. . [19] Harris RK. Nuclear magnetic resonance spectroscopy. London:
the Hyperstructured Organic Materials Research Center Pitman, 1983,

(HOMRC)- [20] Kubo R, Tomita K. J Phys Soc Jpn 1954;9:888.
[21] Hawker CJ, Chu F. Macromolecules 1996;29:4370.
[22] Mueller A, Kowalewsk T, Wooley KL. Macromolecules 1998;31:

References 776.
[23] Bair HE, Warren PC. J Macromol Sci B 1981;21:31.
[1] Fréchet IMJ. Science 1994;263:1710. [24] Kim YH. Macromol Symp 1994;77:21.
[2] Kim YH. J Polym Sci A Polym Chem 1998;36:1675. [25] Hawker CJ, Lee R, Faohet IMJ. J Am Chem Soc 1991;113:4583.
[3] Johansson M, Malmstro E, Hult A. TRIP 1996;4:398. [26] Holter D, Burgath A, Frey H. Acta Polymer 1997;48:30.
[4] Mourey TH, Turner SR, Rubenstein M, Tteet IMJ, Hawker CJ, [27] Bruch MD. NMR spectroscopy techniques. New York: Marcel

Wooley KL. Macromolecules 1992;25:2401. Dekker, 1996.



