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Dynamics of the glass-forming liquid di-2-ethylhexyl phthalate COOP) 
as studied by light scattering and neutron scattering 
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G. Fytas 
Research Centero/Crete, P.O. Box 1527, 711 10 Heraklion Crete, Greece 

(Received 23 September 1991; accepted 3 February 1992) 

Dynamic light scattering (depolarized Rayleigh and polarized Rayleigh-Brillouin) and 
quasielastic neutron scattering are employed to study the dynamics of the glass-forming liquid 
di-2-ethylhexyl phthalate (DOP) (Tg = 184 K). The depolarized Rayleigh scattering 
measurements were made in the temperature range from 303 to 433 K, the polarized 
Rayleigh-Brillouin measurements in the range from 263 to 433 K, and the quasielastic 
neutron-scattering measurements in the range from 37 to 312 K and in the Q range from 0.33 
to 1.84 A - I. The orientation times for DOP, obtained from a single Lorentzian fit to the 
experimental depolarized spectra at high T, are in good agreement with recent dielectric data 
for the primary (a) relaxation. However, at lower T, the viscosity increases more strongly 
than the orientation times and the Stokes-Einstein-Debye equation which can adequately 
describe the dynamics in the high-Trange is insufficient at temperatures close to Tg • The 
relaxation time obtained from the Rayleigh-Brillouin experiment is about I order of 
magnitude faster than the orientation times. In the neutron-scattering experiment we find a 
strong decrease of the elastic intensity and a corresponding increase of the quasielastic intensity 
around Tg • The data analysis with respect to the dynamics (from a two Lorentzian fit) 
revealed the existence of three processes affecting the high-frequency range: (i) a "fast" 
(1'2 -10 ps) Q-independent motion with weak T dependence (E2 = 1.54 kcallmol), (ii) a 
"slow" Q-dependent motion, and (iii) a flat background increasing with Tand Q. The fast 
process is discussed in terms of a very localized motion of the phenyl group ({3 relaxation) 
and, as such, as a precursor of the the primary (a) relaxation. The relaxation time of this 
process (1'2) was found to compare nicely with the tIme 1'max from the Rayleigh-Brillouin 
(RB) experiment suggesting that the latter is caused by fast localized motions. The slow 
process is discussed in terms of the jump-diffusion model. The activation energy associated 
with the jump-diffusion times is 6.1 kcallmol and it is associated with large-scale diffusional 
motion of the DOP molecule. The relaxation times obtained from this process are compared 
with the relaxation times obtained from the depolarized and dielectric techniques for the 
primary relaxation. Finally, the background can be identified with fast local motions and/or 
low-frequency excitations relaxing outside the energy window of our experiment. 

I. INTRODUCTION Rouse-Zimm normal modes, reptation, and entanglement 
effects are slow motions of polymeric nature. In this respect 
the study of density fluctuations in simple glass-forming li
quids is less complicated. The dynamics of density fluctu
ations can be measured by dynamic light scattering (DLS) 
and quasielastic neutron scattering (QNS) over a broad fre
quency and temperature range. 

Density fluctuations are of central interest in recent ex
perimental l and theoreticaf investigations of the glass tran
sition. These fluctuations are present in any system: small 
molecules, macromolecules, and combinations of small mol
ecules with macromolecules. When the dynamics of small 
molecules and macromolecules are compared with respect 
to density fluctuations at temperatures near the glass transi
tion temperature (Tg) they exhibit very similar features: 
The density correlation function is described by a stretched 
exponential with a degree of stretching depending on the 
complexity and cooperativity of the system; the relaxation 
times for the density fluctuations slow down considerably as 
we approach Tg and the temperature (T) dependence of the 
relaxation times is described by the Vogel-Fulcher-Tam
mann (VFf) equation over a broad T range.3 However, 

a) Author to whom correspondence should be addressed. 
b) Present address: Max-Planck-Institut fUr Polymerforschung, Postfach 

3148, D-6500 Mainz, Germany. 

Traditional techniques such as mechanical relaxation 
(MR),4 photon correlation spectroscopy (PCS),5 etc. are 
usually employed to study the dynamics of small molecules 
and macromolecules at temperatures around Tg • However, 
the temperature range of interest has recently been shifted to 
higher temperatures. This was a result of the molecular 
"clusters" observed in a number of systems well above Tg,1 
and of recent mode coupling theory (MCT) which predicts 
a dynamic instability at a temperature around 1.2Tg •

2 In 
this temperature range, interesting phenomena seem to oc
cur. The Stokes-Einstein-Debye (SED) equation which de
scribes the dynamics of supercooled liquids at high tempera-
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tures fails in a number of systems as we approach T from 
high temperatures.6

,7 It may also not be accidental ~hat in 
this high-Trange more than one relaxation process is detect
ed.8 The primary (a) relaxation is observed from Tg to 
Tg + 150 K with different techniques. The strong T depend
ence associated with this process is a result of large-scale 
segmental relaxation. Secondary relaxations (/3,y) are stud
ied from T < Tg up to Tg + 150 K. These are localized pro
cesses with weak T dependence which are known to play an 
important role in polymer dynamics, not only as a precursor 
of the a relaxation but also as an intrinsic feature of molecu
lar glasses.9 

The purpose of the present study is to investigate the 
dynamics of density fluctuations in a simple supercooled liq
uid in the high-frequency/temperature range. For this rea
son we employ DLS (depolarized Rayleigh and polarized 
Rayleigh-Brillouin) in the Trange 263 to 433 K and QNS in 
the Trangefrom 37to 312 K. With DLS andQNS we study 
the dynamics ofdi-2-ethylhexyl phthalate (DOP) in thefre
quency range from GHz to THz. Furthermore, we compare 
our results with recent dielectric relaxation lO (DR) mea
surements made on the same liquid over a broad frequen
cy /temperature range. This latter comparison between re
laxation times obtained from different techniques has been 
successfully attempted in a number of systems before mainly 
with the use of DR, MR, and DLS. 11

•
12 However, compari

son with relaxation times obtained from QNS experiments is 
not straightforward since the relaxation process studied by 
QNS can have an additional Q dependence as well as the 
normal T dependence. It is, to our knowledge, the first time 
that a sequence of Q-dependent relaxation times obtained 
from QNS is compared with the relaxation times obtained 
from other techniques. This was made possible with the in
clusion of a third axis to the usual two-dimensional Arrhen
ius plot displaying the additional Q dependence of the relax
ation times. We suggest that from such a plot processes 
related to the glass transition can easily be identified. 

II. EXPERIMENTAL SECTION 

Di-2-ethylhexyl phthalate (DOP) (Tg = 184 K, 
P = 0.981 g/cm3

, n2O" = 1.485) was purchased from Al
drich and was used without further purification. In the light
scattering experiment DOP was filtered through a 0.22 J.lm 
Millipore filter directly into the dust-free scattering cell. In 
both, the light-scattering and the neutron-scattering experi
ments, attention was paid to avoid crystallization. 

The depolarized Rayleigh spectra (DRS) IVH (cu) were 
obtained at a scattering angle «() of 90·. The excitation 
source was an argon-ion single-mode laser (Spectra Physics 
2020), operating at A. = 488 nm with a stabilized power of 
100m W. Details on the apparatus can be found elsewhere. 13 

Two free spectral ranges (FSR) were used: 7.62 and 16.96 
GHz with a finesse of better than 60. The temperature range 
covered was from 30 to 16O·C. Typical I YH (cu) spectra are 
shown in Fig. 1 at three temperatures. Polarized Rayleigh
Brillouin spectra Iyy (cu) were recorded in the temperature 
range - 10-16O·C at a scattering angle of 90·. The FSR 
used was 25.3 GHz and the finesse was in the range 55-75. 

,.--... 
rn ...., 

....... 
0 
;::J 

-11-
.n .... 
ro 

:>. ...., 
....... 
rn 
0 
Q) ...., 
0 ....... 

3.5 o 3.5 
Frequency (GHz) 

FIG. 1. Depolarized Rayleigh spectra /YH (tv) of DOP at three tempera
tures as indicated. The symhol-II- denotes the instrument FWHH. 

Typical I yy (cu) spectra are shown in Fig. 2 at three tempera
tures. 

The neutron-scattering experiment was carried out on 
the IRIS backscattering spectrometer at the ISIS pulsed neu
tron source at the Rutherford Appleton Laboratory (RAL). 
Neutron spectra were recorded simultaneously with 51 pyr
olitic graphite and 51 mica detectors distributed over 21T in 
the scattering plane. The pyrolitic graphite 002 and the mica 
006 reflections were used in the present study with an energy 
resolution of 15 and 11 J.leV, respectively, over a Q range 
c: 0 1 lrom 0.33 to 1.84 A - . The energy range covered was from 
- 0.4 to 0.4 meV. The DOP sample was contained in a flat 
Al container and the sample thickness was set to 0.2 mm-in 
order to minimize multiple scattering-resulting in a trans-

-11-

10 

Frequency (GHz) 

FIG. 2. Polarized Rayleigh-Brillouin Iyy (tv) spectra ofDOP at three tem
peratures as indicated. The symhol-II- denotes the instrument FWHH. 
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mission of about 89%. The Al container was mounted in a 
liquid-helium cryostat at 45° to the incident neutron beam. 
Before the experiment the sample was heated up to 310 K for 
about 30 min and then cooled down to the set temperature. 
While cooling at approximately 0.8 K/min down to the low
est temperature (37 K) we monitored the neutron intensity 
scattered at zero energy transfer. In this way, the tempera
ture dependence of the elastic scattering intensity, 
S(Q,a>=O), was determined and is depicted in Fig. 3. Then, 
we performed long-time measurements at selected tempera
tures: 37, 260, 285, and 312 K. The temperature stability was 
better than 2 K during these runs. Spectra at 260,285, and 
312 K show a characteristic quasielastic broadening plus a 
background in addition to the elastic peak shown at the low
est temperature (37 K). Typical spectra at different tem
peratures for Q = 1.62 A-I are shown in Fig. 4. In Fig. 5, the 
Q variation is shown at 312 K. 

III. OAT A ANALYSIS 

Analysis of the /VH (a» spectra (Fig. 1) consisted of 
fitting about 800 points per peak with a single Lorentzian 
plus a base line, 

I r 
/VH(a» =-/ +B, (1) 

1T r 2 + a>2 

where / and r are the integrated intensity and the half-width 
at half-height (HWHH) and B is the background. The 
/VH (a» spectra (Fig. 1) did not show the central dip, which 
is observed under certain conditions. 14 For a liquid com
posed of optically anisotropic molecules these conditions are 
met when the value of the quantity Q21J/p, where Q is the 
scattering wave vector, 1J the viscosity, andp the density, is 
comparable to the overall HWHH r. In practice, the central 
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FIG. 3. Temperature dependence of the incoherent dynamic structure fac
tor S(Q,£iJ;:::O) ofDOP normalized to its value at T= 0 K, plotted for se
lected Q values. Data points are averaged within an interval of ± 0.1 A - I 

about the indicated Q values. At T <. Tg a strong Q-dependent decrease of the 
elastic intensity is observed as a result of a motion (see text). 

DOP I Q=1.62 A-'I 
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K 
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FIG. 4. Quasielastic neutron-scattering spectra of DOP at different tem
peratures at Q = 1.62 A -I. The lowest measured temperature (T= 37 K) 
corresponds to the resolution function used in the convolution procedure. 

dip is observed when Q21J/pr is in the range 0.1-0.7 and the 
value of the coupling R-characterizing the coupling be
tween the shear waves of the fluid with molecular orienta
tion-is sufficiently large (0.1 or greater). 15 For DOP the 
ratio Q 21J/ pr is outside this range at all interferometric tem
peratures, thus explaining the absence of the central dip 
from the experimental spectra. 

The total integrated depolarized intensity is given byl6 

/VH = A/(n)p*r.ff' (2) 

where A is a constant,/(n) is the product of the local-field 
correction and the geometrical factor lin 2, p* is the number 
density of the anisotropic scatterers, and r.ff is the effective 
optical anisotropy. Using the integrated intensity and 
p = 0.981 g/cm3 and n = 1.485 for the density and refrac
tive index, respectively, we obtain an effective optical anisot
ropy of 32 A 6 for DOP. It is the relatively high optical anisot
ropy ofDOP which makes the detection of a signal from this 
liquid possible in the DRS experiment. The temperature de
pendence of the DRS spectra taken at a FSR of7.62 GHz is 
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FIG. 5. Quasielastic neutron-scattering spectra of DOP at different Q val
ues at T= 312 K. 
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shown in Fig. 1. The HWHH r exhibits strong temperature 
dependence and for this reason all spectra above 80 ·C were 
measured with a higher FSR (16.96 GHz). The true 
HWHH (r) was obtained after convolution with the instru
ment line shape. The collective orientation relaxation time 
1'or was then computed from 

1 
l' . =--

on 217-r . (3) 

The I yy (CtJ) spectra (Fig. 2) consist of three central 
components and two shifted Brillouin peaks. The unshifted 
line corresponds to the resolution function, the "mountain" 
peak and the IYH contribution. IYH contributes to Iyy be
cause at () = 90· and for uncorrelated density and polariza
bility fluctuations16 

Iyy = I iso + (4/3)IvH , where I iso is 
due to density fluctuations. In the polarized RB spectrosco
py we are mainly interested in the dispersion of the Brillouin 
linewidth 1 B and shift fB' The former is related to sound 
attenuation (a = 1T21 B/U), whereas the latter to sound ve
locity (u =fB/Q). The fitting procedure to the Brillouin 
lines involves a Lorentzian function plus the overlap from 
the neighboring interferometric orders. After subtraction of 
the instrument linewidth-due to the high finesse-the Bril
louin shiftfB and linewidth 21 B are obtained. The Landau
Placzek (RLP ) intensity ratio, defined as the ratio of the 
central peak (after subtraction of the IVH contribution) to 
the total Brillouin intensity, was also calculated and will be 
discussed in the next section. 

Neutron scattering from DOP is dominated by the inco
herent scattering of hydrogen atoms, because DOP contains 
C, 0, and H atoms and the incoherent scattering of hydrogen 
is much higher than the incoherent and coherent cross sec
tions of carbon and oxygen. 17 Thus, to a good approxima
tion, quasielastic neutron scattering measures the incoher
ent dynamic structure factor, 

Sine ( Q,Ct) ) 

-f exp( - iCtJt) Is (Q,t)dt 

-f exp( - iCtJt) (exp{ - iQ' [R; (0) - R; (t) ]})dt, 

(4) 

where Is (Q,t) is the intermediate scattering function and 
R; (0), R; (t) are the positions of the ith nucleus at times 0 
and t. Sine (Q,Ct) gives information on both the dynamics and 
the geometry of the single-particle dynamics. After the ini
tial neutron counts were corrected for detector, monitor effi
ciency, and for background effects, the time-of-flight (TOF) 
cross section t'J 2u/t'JDJJr was plotted vs 1', where l' is the 
neutron TOF scattered into a solid angle t'JO. The observed 
TOF spectra were converted to a differential scattering cross 
section t'J 2u/t'JOt'JE and the incoherent scattering law 
Sine ( Q,CtJ) was calculated from 

S CtJ = k; 1 a2
u (5) 

mc (Q,) ks «b 2) _ (b )2) aOaE' 

where k; and ks are the incident and scattered wave vectors, 

respectively, and b is the scattering length for hydrogen 
atoms. 

Two kinds of experiments were made with the incoher
ent quasielastic neutron-scattering technique. In the first ex
periment, only neutrons with zero energy transfer (or with 
energy transfer smaller than the IRIS resolution function) 
are counted givingS(Q,Ct):::;:O). This quantity can be equated 
to the long-time limit of the intermediate scattering function 
Is (Q,t) [Eq. (4) J. S(Q,Ct):::;:O) was measured for different Q 
values in the range 0.33-1.84 A-I and in the temperature 
range from 37 to 312 K. Values normalized relative to the 
extrapolated intensity at 0 K are shown in Fig. 3 for different 
Qvalues. 

At low temperatures, below the glass transition tem
peratures, S(Q,Ct):::;:O) T/S(Q,Ct):::;:O) T= 0 can be described by 
the Debye model for harmonic solids, i.e., 

S(Q,CtJ:::;:O)-e-<?}Q" (r)-T. (6) 

Thus, In S(Q,Ct):::;:Oh/S(Q,Ct):::;:Oh=o - - T, according to 
this model, and our data for DOP agree with this prediction 
for T < Tg • A pertinent feature of Fig. 3 is the extra decrease 
of the elastic intensity at temperatures below the calorime
tric Tg • This extra decrease in the elastic intensity is strongly 
Q dependent at higher temperatures as seen in Fig. 3. The 
fact that the elastic intensity decreases beyond the values 
expected from Eq. (6) is an indication of motion which 
starts already below Tg • To verify this finding we have made 
a second experiment where we measured S( Q,CtJ) at three 
temperatures between 265 and 312 K. A low-temperature 
measurement was also made (37 K) which served as the 
resolution function. The spectra in Fig. 4 show a quasielastic 
broadening at 265,285, and 312 K along with an increasing 
background. The Q dependence shown in Fig. 5 at 312 K 
exhibits similar behavior: a Q-dependent quasielastic broad
ening and an increasing background. The trends in the inten
sities with T and Q are discussed later in detail. 

In the literature different approaches have been report
ed to fit the quasielastic neutron-scattering spectra at 
T> Tg .18-20 In view ofthe DR measurements on DOP over a 
broad frequency/temperature rangelO-where the distribu
tion of relaxation times narrows to a single relaxation time at 
high T -we have fitted the QNS spectra using a single Lor
entzian plus a base line. However, such a fit produced strong 
deviations from the experimental data. The second simplest 
function-which gives a good fit to all experimental data-is 
a sum of two Lorentzians plus a base line, 

(7) 

In Eq. (7), II and 12 are the integrated intensities of the 
narrower and broader Lorentzians, respectively, and 11 and 
12 the corresponding HWHH. The Q dependence ofthe two 
components is depicted in Fig. 6 at 312 K. It is worth notic
ing that (i) the narrower Lorentzian broadens considerably 
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FIG. 6. (a) Quasielastic neutron-scattering spectrum ofDOP at T = 312 K 
and Q = 1.84 A - , showing the narrow and broad Lorentzian components 
(dashed lines). The solid line represents the result of the fit ofEq. (7) to the 
experimental points ( + ). (b) Quasielastic neutron-scattering spectrum of 
DOP at T= 312 Kand Q= 0.86 A -'. 

with increasing Q, whereas the linewidth r 2 of the broader 
component is nearly Q independent, and (ii) the relative 
intensity of the narrower component I r ( = II III + 12 ) in
creases with decreasing Q at the expense of the relative inten
sity of the broader component 11:. These features of the ex
perimental data will be discussed in detail in the next section. 

IV. RESULTS AND DISCUSSION 

A. Light scattering 

The dependence of the collective orientation relaxation 
time 1"or obtained from Eq. (3) on the macroscopic viscosity 
is usually described by the modified SED equation,21 

1" . = g2 (2!!!...) + 1" 
on j2 kB TOO' 

(8) 

where Vh is the effective hydrodynamic volume of the reor
ienting molecule, g2 andj2 are the static and dynamic pair 
orientation correlation parameters, respectively, and 1"00 is 
the nonzero intercept in the limit 17IT --+0. Using the tem
perature dependence of the measured shear viscosity in the 
temperature range 223 < T < 372 K,22 

537 
log 17 s = - 3.92 + -=---=-=--=

T- 152.2 
(9) 

and the orientation times in the temperature range 
320 < T < 372 K, we obtain 

1"on' = (77±5)XIO- 12 s+!L(11 + l)XIO- 9 sK. 
T - cP 

( 10) 

From Eq. (10) we obtain a hydrodynamic volume at high 
temperatures of 150 ± 20 ;"3. The effective hydrodynamic 
volume for DOP, obtained at high temperatures, is similar to 
the one reported earlier for the glass former aroclor 
(AI248).7 This is consistent with the similar orientational 
dynamics of the two solvents at high temperatures as ob
tained by DRS. 

The temperature dependence of IB and 2r B' obtained 
from the Ivv (cu), shown in Fig. 7, resemble that usually 
found in both polymeric23 and non polymeric viscoelastic 
liquids.24 The Brillouin shift decreases continously with in
creasing temperature, whereas the Brillouin linewidth in
creases, reaches a maximum at about 20'C and then de
creases at low but nonzero values. The effects have been 
shown to be due to structural relaxation in the GHz frequen
cy range. The characteristic time due to structural relaxation 
is obtained from the frequency Imax at which 2r B attains its 
maximum value (Fig. 7): 1"max = 1I21Tlmax ::::::2.2 X 10- 11 s. 
Little is known about the molecular mechanism responsible 
for the Brillouin maximum at hypersonic frequencies. Our 
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FIG. 7. Brillouin shift (e) and Brillouin linewidth (0) for DOP as a func
tion of temperature. 
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present neutron-scattering data (see next section) provide 
valuable information with respect to the fast structural re
laxation observed in the Rayleigh-Brillouin experiment. 

The temperature dependence of the Landau-Placzek 
(LP) ratio for DOP is shown in Fig. 8. This ratio is given 
by2s 

R
LP 

-r M(O) - 1 = r[ U(0)]2 - 1, (11) 
Mo Uo 

where M (0) [= pu2 (0) )] is the real part of the adiabatic 
longitudinal modulus at frequency 0), Mo (= pu~) is the 
longitudinal modulus at zero frequency, and r is the ratio of 
the specific heats at constant pressure and volume. For a 
nonrelaxing liquid, Eq. (11) reduces to r - 1. As shown in 
Fig. 8, in the high-temperature range, the RLP depends only 
slightly on temperature, with values close to the ones expect
ed for nonrelaxing simple liquids, i.e., R LP = 0.2. However, 
at lower temperatures RLP increases strongly. The strong 
increase of RLP at low Tis only partially due to the existence 
of structural relaxation [Eq. (11)]. Assuming a T indepen
dent r (= 1.2) and the measured sound velocities we can 
calculate the RLP from Eq. (11). The calculated values are 
also shown in Fig. 8. Evidently, there exists a discrepancy 
between the measured and the calculated values. High RLP 

values were also reported recently for other glass-forming 
liquids.26 To explain these effects, it was postulated that in 
the supercooled liquid, above Tg , "prefreezing" phenomena 
occur which give rise to the "excess" scattering ("clus
ters"). The formation of these "clusters" depends on the 
thermal history of the sample. It has also been reported that 
for the glass-former o-terphenyl (OTP) it was possible to 
prepare samples with and without "clusters" in a reproduc
ible way.1 The values of the RLP ratio for the OTP sample 
with clusters were much higher than for those without. 

The formation of clusters in supercooled liquids well 
above Tg,1 and/or the dynamic instability predicted by re-

0
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FIG. 8. Landau-Placzek (RLP ) intensity ratio ofDOP as a function oftem
perature. The solid line is a guide to the experimental points. The dashed 
line is the calculated RLP (n using Eq. (11). 

cent MeT (Ref. 2) at T= 1.2Tg could be related with the 
breakdown of the SED equation [Eq. (8)] observed in a 
number of systems within a narrow temperature range above 
Tg .6-8 In these systems the solvent orientation time 1'or does 
not scale with 'TJ/Texcept at the highest temperatures, where 
Eq. (8) is valid. In the viscous regime, the viscosity increases 
more strongly than the orientation time and this was demon
strated by a discontinuity in the plot of 1'/'TJs vs Tg/T at a 
temperature Tc = 1.2Tg • In a recent study of the glass-form
ing liquid aroclor (A 1248 ) ,7 the observed breakdown of the 
SED equation was discussed in terms of the formation of 
molecular clusters at temperatures well above Tg which gave 
rise to an increase in the polarized light-scattering intensity 
and consequently to the very high RLP values. Since both 
DOP and A 1248 display higher LP ratios than those predict
ed by Eq. (11) and for the latter the breakdown was experi
mentally observed it is tempting to plot the 1'/'TJ values of 
DOP as a function of T - I. This is demonstrated in Fig. 9 
where we plot l' - 1'"" /1/ vs Tg/T, for orientation times ob
tained from the present DRS and DR experiments. It is 
worth mentioning that data points for 1'/1/ in Fig. 9 are cal
culated from the measured orientation times and by interpo
lating the existing viscosity data22 [Eq. (9)]. It is evident 
from Fig. 9 that the breakdown of the SED equation occurs 
at Tg/T -0.7--0.8. At high Tg/T values the slope 
a( 1'/'TJ)/a( lin is negative as was observed in other super
cooled liquids.6 In a similar plot for A 1248,7 the breakdown 
of the SED equation occurred at even lower temperatures 
(Tg/T-0.8--O.85) and it was more pronounced than in 
DOP and more clearly observed because of the existence of 
viscosity data close to Tg • 

B. Neutron scattering 

The full width at half height (FWHH) 2r 1 and 2r 2 of 
the narrower and broader Lorentzians, obtained from Eq. 
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FIG. 9. l' - l' ~ /'7 as a function of reduced inverse temperature. Orientation 
times are obtained from DRS (0) and DR (_). The dashed line is a plot of 
Eq. (10) at high Tand demonstrates the breakdown of this equation as we 
approach Tg • 
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7678 Floudas, Higgins, and Fytas: Dynamics of DOP 

(7), are plotted in Figs. lO(a) and lO(b) as a function of Q 2 

and Q, respectively. A pertinent feature of Fig. 10 is that the 
two processes are separated by about 1 order of magnitude in 
the time (or frequency) scale and that they display different 
Q and T dependence. r 2' of the broader component, is inde
pendent of Q and shows a very a weak T dependence 
(E2 = 1.54 kcal/mol), suggesting that this component is 
due to a very localized motion. On the other hand, r 1 of the 
narrower component is Q 2 dependent at small Q and shows 
a weaker Q dependence at higher Qvalues. The latter process 
displays a strong T dependence in contrast to the former 
process. Clearly, in the double Lorentzian representation, 
the two distinct relaxation processes observed in the neu-

0,03 
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Q) 
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~ 

c 
NO,01 

0,00 

(8) 
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FIG. 10. (a) Q2 dependence of the full width at half maximum (FWHM) 
of the narrow quasi elastic component 2r, , at three temperatures as indicat
ed. The solid lines are from the fit to the jump-diffusion model. (b) Q de
pendence of the FWHH of the broad neutron-scattering quasielastic com
ponent 2r2 , at three temperatures: (e) T= 312 K; (0) T= 285 K; (_) 
T=260K. 

tron-scattering experiment [Figs. lO(a) and IOCb)] cannot 
belong to a single mode of motion. 

The peculiar behavior of the slower motion can be dis
cussed in terms of the jump-diffusion model. 27 This model 
has been proposed by Singwi and SjOlander to explain the 
diffusive motion of hydrogen-bonded water molecules.28 In 
this model there are two relevant times: the rest time rr, 
during which the proton undergoes oscillatory motions 
about a center of equilibrium, building up a thermal cloud 
and the jump time 1'2' during which the particle diffuses 
from one configuration to another. The main hypothesis of 
the model is that the protons remain in a given configuration 
for a much longer time than they diffuse (Le., rr~1'2)' The 
dynamic structure factor is then given by 

SeQ ) = _<?)Q2 ~ r 1 
,m e 2 2' 

1T r 1 +m 
(12) 

1 ( e- <?)Q2 ) 
rdQ)-- 1- . rr 1 + Q2Drr 

(13) 

The shape of the quasielastic peak due to jump diffusion 
is Lorentzian with HWHH given by Eq. (13). In the limit of 
small Q values, Eq. (13) is reduced to DQ 2. Clearly, at small 
Q (or at long distances) the details of the elementary jump 
process cannot be observed and the quasielastic broadening 
is given by Fick's law. On the contrary, at large Q values the 
quasielastic broadening tends asymptotically to rr - 1, and 
the linewidth strongly deviates from Fick's law. 

Our experimental results for r 1 [Fig. lO(a)] can be 
described by the jump-diffusion model. Applying Eq. (13) 
to the experimental data we have evaluated the best values 
for D and rr at the three temperatures studied. The root
mean-square amplitude (r) 1/2 evaluated from Eq. (6) and 
the parameters (/2) 1/2 (calculated from D = (/2) /6rr) and 
rr from the jump-diffusion model along with the times for 
the Q-independent process (1'2 ) are summarized in Table I. 
(/2) 1/2 exhibits a weak temperature dependence which is 
opposite to that of (r) 1/2. This is not surprising since at 
higher temperatures the mean-square jump distance can be 
reduced due to the increasing dimensions of the developed 
thermal cloud. A temperature-dependent (/2)1/2 has been 
observed in the study of hydrogen-bonded water,28 and in a 
recent study of bulk polybutadiene (PB). 29 In the former 
study the T dependence has been interpreted in terms of the 
random network model of water. We should point out, how
ever, that the determination of D-and consequently of (/2) 

TABLE I. Parameters of the jump-diffusion model. 

T (r) ([2)0' 

(K) (A2) (A) 

260 0.38 1.9 
285 0.53 1.3 
312 0.73 1.4 

" Activation energy of 'Tf: E, = 6.1 kcallmol. 
b Activation energy of 1'2: E2 = 1.54 kcallmol. 

'Tf 
(ps)" 

371.8 
122.6 
52.9 

1'2 
(pS)b 

15.3 
13.8 
9.3 
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-from the fit to Eq. (13) is subject to some error mainly 
because D is determined by r I (Q) at small Q where the 
deconvoluted linewidth is equal to or smaller than the in
strument resolution. On the other hand, values of rr are 
obtained from r I (Q) at high Q-from the fit to Eq. (13)
where the error is small. 

The activation energy associated with the jump-diffu
sion times rr can be obtained from an Arrhenius fit to the 
experimental times rr, 

EI 
log rr = log rro + 2.3RT . (14) 

The fit to Eq. (14) yields the apparent activation energy 
EI = 6.1 kcaVmol with log rro = - 14.53 (in s). Evident
ly, the relaxation time rr exhibits strong temperature de
pendence in contrast to that of 1"2 which has an activation 
energy of E2 = 1.54 kcaVmol. The former time (rr) is asso
ciated with large-scale motion of the DOP molecules as a 
whole and this time is comparable with the relaxation times 
obtained from other techniques for the primary relaxation 
(see next section). From this point of view, the broadening 
of the narrow component (r I) is due to long-scale diffusive 
motions which can be described by the jump-diffusion mod
el. These motions are associated with the primary (a) relax
ation and monitor the glass transition in the neutron-scatter
ing frequency range. 

Apart from the dynamics of the "fast" and "slow" NS 
processes we are also interested in the integrated intensities 
II and 12 extracted from the fit to Eq. (7). As already men
tioned in the data analysis with respect to Fig. 6, the relative 
intensity of the narrower component I t ( = II III + 12 ) de
creases with increasing Q and the intensity lost reappears 
into the broader component It. This experimental finding 
deserves more attention. It demonstrates that although the 
dynamics of the two processes are well separated the relative 
intensities (l t and It) are correlated over the Q and Trange 
studied. In Fig. 11, the Q dependence of the relative intensi-
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FIG. II. Q dependence of the relative quasielastic neutron-scattering inten
sities It ( = II + 12 ) (open symbols) and It ( = 12//1 + 12 ) (solid sym
bols) for different temperatures: (6. .... ) T= 312 K; (0 •• ) T= 285 K; 
(0,_) T= 260 K. 

ties It and It is shown at three temperatures. The It(Q) 
dependence of the slow NS process can also be viewed as an 
apparent elastic incoherent structure factor (EISF),17 since 
at the high temperatures of the present study there is no fixed 
center of mass. As seen in Fig. 11, both increasing T and 
increasing Q produces a similar increase in Ir. Evidently, 
the fast process becomes more intense at high T and Q 
through the mechanism II -+12 , On the other hand, the in
crease of I t at low Q and the concomitant decrease of I! can 
explain the fact that the fast process affects the NS experi
ment more than the light scattering. It is probably because of 
the small intensity It as Q--O that this process was not de
tected in the DRS experiment. An alternative interpretation 
to this could be that the fast NS process may not change 
significantly the molecular polarizability. Therefore, it is the 
unique advantage of the NS experiment that components 
with Q-dependent intensity can be studied in the high-fre
quency range. 

We are now left with the task of identifying the molecu
lar processes behind the broad quasielastic component and 
the T- and Q-dependent background (Figs. 4 and 5). The 
fast process associated with the broad quasielastic broaden
ing exhibits a weak T dependence (E2 = 1.54 kcaVmol) and 
is independent of Q over the Q range from 0.33 to 1.84 A - I. 

The weak T dependence and more important the Qindepen
dence implies that it is a very localized, nondiffusive type of 
motion. It could be that this process is related to a libration 
or a pseudorotational motion of the phenyl group. On the 
other hand, it cannot be due to reorientation of the whole 
molecule because the reorientational times obtained from 
the DRS experiment are much longer (in ns time scale). 
Recently, fast processes displaying weak T dependence have 
been reported for the glass-forming liquids orthoterphenyl 
(OTP) and bis-phenol-C-dimethylether30 (BCDE) by 
DRS and DR techniques, respectively. The fast process ob
served in the DRS spectra of OTP had a nearly constant 
relaxation time (- 3 ps) over 180 K. Furthermore, the 
I VH (OJ) intensity of this process was temperature dependent, 
being higher at high T, in agreement with the present fast 
component. The dielectrically active /3 process observed in 
BCDE had an activation energy of -1.6 kcaVmol. This sec
ondary relaxation was discussed in terms of a 1T-phenyl flip 
in view of2H-NMR solid echo measurements. Alternative
ly, the fast process observed in our NS experiment and in the 
above-mentioned DRS and DR studies can be identified as 
the /3 relaxation due to fast density fluctuations suggested by 
the mode coupling theory.2 

The significant background observed in the NS experi
ment is due to even faster localized motion with T- and Q
dependent intensity. Ester methyl group rotations in selec
tively deuterated poly (methyl methacrylate) (PMMA) 
have been studied extensively from room temperature down 
to 60 K. 31.32 The observed motion was predominantly a 
threefold symmetric rotation about the O-CH3 bond with 
an activation energy of - 1.7 kcal/mol at high T. Assuming 
similar activation parameters for the methyl groups in DOP 
to those for the ester methyl group in PMMA, we find a 
quasielastic broadening of 0.84 meV (FWHH) and 0.64 
meV at 300 and 265 K, respectively. Similarly, the methyl 
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group rotation studied in poly (methylphenyl siloxane) 
(PMPS) (Ref. 33) at 300 K contributes to a quasielastic 
broadening of 0.82 meV. However, quasielastic broadening 
of the order of 0.8 meV appears nearly as a flat background 
within the energy window of our experiment. Moreover, the 
increase with T of the background could reflect increase in 
I!, which may imply an increasing number of methyl groups 
participating in this local rotational motion. 32 This is reflect
ed in the decrease of the EISF with increasing T at a given Q 
value (Fig. 11). Furthermore, an increasing background 
with Q at a given T could reflect the usual Q dependence of 
the EISF for this motion. The low-temperature excitations 
in the low-energy inelastic range 1-4 meV (Ref. 34) ob
served in a number of systems provide an alternative expla
nation for the background. The observed increase in the in
tensity ofthis peak with increasing temperature is consistent 
with the T-dependent background. Therefore, these excita
tions relaxing outside the energy range of our spectrometer 
could explain qualitatively this feature of our experimental 
spectra. 

C. Interelations between light-scattering and neutron
scattering times 

In Fig. 12(a), we plot the relaxation times obtained 
from DRS, RB, DR, and the fast Q-independent NS times. A 
pertinent feature of Fig. 12(a) is the good agreement be
tween the DRS and DR times for the primary (a) relaxation 
and between the RB 7 max with the fast NS times. The solvent 
dynamics are probed by DRS and DR through the optical 
anisotropy and dipole moment, respectively. Both tech
niques are sensitive to motions of orientational character 
since these motions influence the quantity on which optical 
anisotropy and dipole moment depend: the macroscopic po
larizability. However, the ratio of the orientation times 
7(/= 1}/7(/=2) [= 1//(/+ 1},where7(/) is the orienta
tion time for the 1 th-order spherical harmonic] obtained 
from DR (I = 1) and DRS (I = 2), is 1 and not 1/3, in 
agreement with experimental results35 and recent models of 
rotational relaxation. 36 It is interesting to note that this 
agreement holds at T> Tg for DOP. 

The 'T values as obtained by DRS and DR, conform to 
the VFT expression, 

B 
log 7 = log 1'* + ---

T-To 
(15) 

A least-squares fit of Eq. (15) to the DRS and DR data of 
Fig. 12(a) yields 1'* = 0.9 ± 0.1 ps, B = 496 ± 10 K, and 
To = 150.9 ± 1 K. The corresponding viscosity data yield 
BTl = 537 ± 10 K and To = 152.2 ± 1 K [Eq. (9)]. The 
stronger temperature dependence of the viscosity data than 
the 7( T) is reflected in the value of BTl being about 8% high
er than B. This is the main reason for the breakdown of the 
SED equation discussed earlier. 

The relaxation time 7 max' obtained from the linewidth 
maximum in the RB experiment, is different from the orien
tational times 70r and from the DR times by at least 1 order 
of magnitude. I •22 (C),33,37 The relaxation time 7 max reflects a 
faster motion than that probed by DR and DRS. Evidently, 
reorientation of the axis that involves the greatest change of 
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FIG. 12. (a) Arrhenius plot of the relaxation times obtained by depolarized 
Rayleigh scattering (e), dielectric relaxation (0), Rayleigh-Brillouin 
scattering (.), and fast neutron-scattering process (D). (b) 3D Arrhenius 
representation of the relaxation times of the primary (a) relaxation of 
DOP, obtained from depolarized Rayleigh scattering (DRS) (e), dielec
tric relaxation (DR) (0), and from the slow neutron-scattering process 
(~) plotted for different Q values in the range from 0.4 to 1.83 A-I. DRS 
and DR times are located on the front plane (Q--O). 

polarizability, which gives rise to DRS and DR, is too slow 
to follow the sound propagation in the GHz frequency 
range. In the present study we find good agreement between 
the fast NS times 72 with the RB 7 max' We believe that this is 
not a coincidence, but underlines a common mechanism in 
the GHz frequency range. In the recent incoherent neutron
scattering PMPS study33 it was found that the f3 relaxation 
associated with the 1T flip of the phenyl ring occurred in the 
same frequency as the RB Imax, although this finding was not 
discussed. We suggest that the fast NS process observed in 
the ps time scale is a kind of f3 relaxation for the DO P mole
cule which affects mainly the NS experiment because of in
tensity reasons (the arguments were discussed in terms of 
Fig. 11). The additional information obtained from our NS 
results with respect to the Q and T dependence suggests that 
hypersonic attenuation in the GHz frequency range is 
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caused by fast localized motions. The molecular mechanism 
behind the RB and fast NS process could then be related to 
libration motion of the phenyl group. Similarly, in a recent 
study of propylene carbonate20 a good agreement between 
the RB 1" max and the NS process-obtained from a single 
Lorentzian fit-was observed, with the NS and RB data dis
playing an Arrhenius T dependence. 

Comparison of Q-dependent NS relaxation times with 
times obtained from DRS, DR, PCS, and NMR experiments 
provides an enormous challenge. Frequently, in the litera
ture,20,38,39 a Q value has been chosen at which the NS relax
ation times happen to coincide with the relaxation times ob
tained from other techniques for the primary relaxation of 
polymeric and nonpolymeric glasses. In Fig. 12(b), we at
tempt to resolve this ambiguity by introducing a third axis to 
the usual two-dimensional Arrhenius plot to account for any 
Q-dependent processes. In Fig. 12(b), the Q dependence of 
the slow NS process due to jump diffusion is plotted and 
compared with the Q-independent DRS and DR times for 
DOP. Evidently, the NS relaxation times 1"1 (Q) 
[ = 1/21Tr 1 (Q) ], are influenced by the same process (a re
laxation) at different Q. 40 We thus justify our earlier claim 
that the broadening of the narrow NS component (r 1 ) is 
due to long-range motions associated with the glass transi
tion. However, because of the limited instrument resolution 
we cannot follow the dynamics of the primary relaxation to 
longer times. 

v. CONCLUDING REMARKS 

Depolarized and polarized light scattering and neutron 
scattering were employed to study the dynamics of the glass
forming liquid DOP over a broad temperature range. The 
orientation times obtained from a single Lorentzian fit to the 
experimental JVH (CtJ) spectra are in good agreement with 
recent dielectric measurements. DRS and DR probe the pri
mary (a) relaxation over a broad temperature and frequen
cy range and the orientation times can be well described by 
the VFT equation.41 The SED equation which adequately 
describes the dynamics in the high-temperature range fails 
as we approach Tg from high temperatures.42 This finding is 
consistent with the notion of clustering and with recent 
mode coupling theory which predicts a dynamic instability 
above Tg • 

The neutron-scattering experiment revealed the exis
tence of additional processes operating at higher frequen
cies. The slow NS process with its peculiar Q dependence 
was discussed in terms of the jump-diffusion model. This 
process with an apparent activation energy of about 6 
kcallmol is associated with large-scale diffusional motion of 
the DOP molecule as a whole (a relaxation). The Q depen
dent NS relaxation times were compared with the DRS and 
DR times for the primary relaxation with the construction of 
a "three-dimensional" (3D) Arrhenius plot where the third 
axis displays the additional Q dependence. The NS times 
1"1 (Q) for the slow process were influenced by the primary 
relaxation at different Q values. The fast Q-independent NS 
process with activation energy of 1.5 kcallmol was discussed 
in terms of a very localized motion of the phenyl group ([3 
relaxation). This process affects primarily the NS experi-

ment because of the intensity of the scattering process. Fur
thermore, this fast process was found to operate in the same 
frequency range as the characteristic frequency of the Ray
leigh-Brillouin experiment, suggesting that dispersion and 
sound attenuation in the latter experiment is caused by fast 
localized motions. 
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