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Depolarized dynamic light scatterifBLS), dielectric relaxatioriDS), and deuterium NMR studies

of fragile van der Waals glass forming liquids phenylphthalein-dimethyletti®DE) and
cresolphthalein-dimethylethéKDE) are presented. In PDE a new dielectric loss process was found,
which can be attributed to the 180° flip of the phenyl rings. The previous finding that the distribution
of the structural relaxation times measured for PDE and KDE by DS is substantially narrower than
that measured by DLS is explained by partial decoupling of the dynamics of the dipole moment
from the structural relaxation of the sample. The dynamics of PDE and KDE is compared
with the previous studies of two other structurally similar liquids: ’1gi(4-methoxy-5-
methylphenyjcyclohexane(BMMPC) and 1,1 -bis(p-methoxyphenykyclohexane(BMPC) in

order to relate dynamical features with the chemical structure of the material. The evidence for the
intramolecular character of the secondary relaxations observed in BMPC and PDE is presented.
© 2005 American Institute of PhysidDOI: 10.1063/1.1846653

I. INTRODUCTION range with a standard resolution. Also the pressure depen-
dence of then-relaxation has been studied by means of DLS
Dynamic processes in supercooled liquids can be studiegnd DS for BMMPC(Ref. 6 and PDE(Refs. 3 and %#and
by different experimental methods assessing different propby means of DS for KDE.The relative volume and tempera-
erties of the molecules. Dielectric relaxation spectroscopyure contribution to the structural relaxation has been ana-
provides information on the collective dipole reorientation,lyzed for BMMPC, BMPC, and PDE by combination of the
depolarized dynamic light scattering on the collective mol-dynamic and PVT(pressure—volume—temperatljrdata?‘8
ecules reorientation via fluctuations of the optical anisotropyBMPC has also been studied by Alvaretzal® using DS to
while the method of deuterium nuclear magnetic resonanchighlight the region where- and g-relaxations merge. Our
is capable of giving insight into the time scale and theprevious studies on BMMPC by means of positron
mechanism of a local motion. These various profeigole  annihilatiort® in a very broad temperature range of 20-360 K
moment, optical anisotropy, etcusually localized in differ-  have indicated the occurrence of fast relaxation processes in
ent parts of the molecule may couple to a different degree tthis sample much below,.
the dynamics of the entire molecule. In this work we compare dynamical data obtained for
Structural relaxation of a supercooled liquid can be chariwo pairs of van der Waals glass forming liquids: BMMPC,
acterized by a primarya-) relaxation with a non-Arrhenius BMPC and KDE, PDE(Table |) studied by means of DS,
temperature dependence and at least one secofifarye- DLS and deuterium solid state NMR. In the previous paper
laxation of Arrhenius-type. A typical secondary process is theon BMPC and BMMPC it has been shown that the differ-
so-called Johari—Goldsteild—G p-relaxation considered as ences in the dynamic behavior of these liquids can be di-
an inherent property of any glass forming system. rectly related to the differences in their struct@i@ecause of
The fragile van der Waals liquids investigated here havestructural similarities of these materials with PDE and KDE,
been extensively studied by several techniques. The tempertiey are all very well suited for studies aiming at the under-
ture dependence of the structural relaxation time has beestanding the relationship between structure modification and
measured for BMPC and BMMPC by means of DLS andrelaxational processes on the molecular level.
DS? for PDE using DLS(Ref. 3 and DS(Ref. 4 and for A supercooled liquid can be characterized by means of
KDE by means of DSRefs. 4 and bin a limited frequency fragility defined as the slope of the normalized activation
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TABLE I. Chemical structure, molecular weigti¥l), melting temperaturéT,,), and glass transition tempera-
ture (Ty) of the materials used in the study.

Sample BMMPC BMPC PDE KDE
Formula CHy30; CooH240, CyHi304 CosHp 04
OCH; OCH,
0 o
h h | |
Structure CHs @ o) @ o)
CH, @ OCH, @ OCH,
OcH: OCH, ofH, OCHy by, oM,
M 324 g/mol 296 g/mol 346 g/mol 374 g/mol
T 346 K 331K 376 K 388K
T, 265 K 246 K 295K 313K

plot at Ty:m=d(log 7)/d(Ty/T). It has been showhthat for

Brxww exponent of the Kohlrausch—Williams—Watts correla-

with a diameter of 20 mm, separated by the sample. The
glass forming liquids this fragility is correlated with the non- plate distance of 0.1 mm was kept constant by small Teflon
exponentiality of the correlation function, expressed by thespacers.

The high frequency rangél0°—2x 10° Hz) was cov-

tion function[Eqg. (4)], i.e., fragile liquids are usually char- ered by a Novocontrol BDS 6000 instrumeftitased on a

acterized by a lowBxww (high nonexponentiality This cor-

(high Bww) have been observéd.in our DLS studieSwe
have shown that the correlation betwearand By holds
for the DLS data. We have concluded that tBgu 0b-
tained from DS studies does not describe properly the dy-

namics of the entire PDE molecules, leading to an apparent: w0=27v, &,

disagreement with the general correlation betweerand

Brxww- Among others, the above results have prompted us t

look for possible reasons for this discrepancy on the basis o(LmaX for each process is given b”y

Hewlett Packard 4291 impedance analyzélsing the non-
relation seemed to be violated by KDE and PDE, for whichlinear least-square Levenberg—Marquard method, the relax-
in a DS experiment high fragility and low nonexponentiality ation processes were fitted by a superposition of two

Havriliak—Negami(HN) functions (k= 2),12

g () = &

+2

k (L+(ion)®)%

Ask

1)

being the high frequency limit o0&’ (w)

outside the dispersion zonAg the intensities of each pro-

as large as possible comparative study on structurally related
van der Waals glass forming liquids.

Therefore, we present in this work DS data obtained for
PDE and KDE in extended frequency and sensitivity ranges

sin 7ma/2]

1
Pmax= T<tar[7ra/2(y+ 1]
as well as deuterium NMR measurements of these two quFOr ® < Wmax and ©>Wpnay the HN function fore”(w) re-
uids and DLS measurements of KDE in a broad temperatur
range.The problems we address here &jeHow does the

-1la
- cog mal 2]) .

Qess and <1, 0< y=<1. The maximum loss frequency

(2)

guces to power laws with the exponenrisand avy, respec-
tively. To fit the a-process, all parameters were free, while

relaxation spectrum depend on the methods and probes usfﬂf the intermediate and fast secondary processes the

in a particular experiment and what can we learn about th

gsymmetry parametey was set to Icorresponds to a sym-

dynamics of these systems on a molecular level from thénetric peak which is typical for thg-process
comparison of the DS, DLS, and NMR datéd) what is the ) _
physical origin of the secondary relaxations observed irP- “H-NMR experiment

BMPC and PDE—is this a general J-G relaxation or is it

The measurements were performed using a home built

simply internal dynamics characteristic for these moleculesp|sed?H-NMR spectrometer at a deuteron resonance fre-
and(iii) what is the relationship between the dynamic behavyyency of 55 MHz. Typicatr/2 pulse lengths of about 2.2—
2.6 us were short enough to stimulate the whole solid state
powder spectra. A solid echo pulse sequent@,--7/2,
succeeding a saturation pulse sequence was used to record
the spectra. To minimize relaxation effects a pulse interval of

ior and chemical structure of these liquids?

Il. EXPERIMENT

A. Dielectric spectroscopy

Dielectric measurements were carried out using two dlf'prevented choosing shorter times. Sample thermalization was

(DS)

ferent setups to cover a broad frequency range from &0

2% 10° Hz. Isothermal frequency scans were performed i

=15 us was used, however, the finite receiver dead time

the temperature range from —-160 to +150 °C. A broad band

dielectric spectrometer Novocontrol BDS 40@@&sed on the
high resolution ALPHA Analyzerwas used to measure the
dielectric functions”(v)=¢'(w)—i&"(v) at 10 points per fre-

quency decade in a frequency range of 0.0/ Hz. The

C. Dynamic light scattering

. realized by using an Oxford Instruments flow cryostat, en-
Mbling a temperature stability of +0.2 K.

(DLS)

The dynamic depolarized light scattering-photon corre-
lation spectroscopyPCS measurements were performed us-
sample capacitor consisted of two parallel gild brass-plategg an argon ion laser operating t514.5 nm with power
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up to 400 mW. The laser incident polarization was vertical . KDE
(V) with respect to the scattering plane, whereas the scattere 10 o

light was detected horizontallH) resulting in the VH scat- OTRER
tering geometry which measured the orientation correlations 100 i ""‘:’,’0;@'\

oy

within our sample in the time range of a PCS experinjfént.
The scattered light was detected by an avalanche diode de
tector and an ALV 5000 digital correlator was used to mea-

sure the correlation function. In a dynamic light scatteringE
photon correlation spectroscopy experiment the intensityz | 102
time autocorrelation functiorG@(t)=(1(0)I(t)) was mea- \.\\.s._ 20°C

sured. This quantity is related to the autocorrelation function 40-3

10 [20°C

TENEARS R 60°C
of the electric fieldg®(t) =(E(0)E(t))/(E(0)? through the ‘&w\,‘.ﬁ%‘\t‘:\\%\} -80°C
Siegert relatiof? 10° ﬁ, ,‘MAX\\#\\'.“ ‘
G2(t) =(H*(1 +flgP ), (3) 102 10° 10° 10' 10° 10°
wheref is a constant. It is a well known fact that the time v [Hz]

autocprrelatlon funcuon. for many glass form|.ng systems de- 1G. 1. DS spectra’(s) vs » measured for KDE in the temperature range
cays in a nonexponential way. It was experimentally fountiom -120 to 150 °C in incremental stepsaT=10 K. Note that"(v) goes

that the field autocorrelation function was well representediown to 10%in &”(»). No additional loss processes besidesdhelaxation

by the empirical Kohlrausch-Williams—Watt&WW) func- ~ Peak are visible at low temperatures, as exemplified for three temperatures
tion given b)} (thicker lines.

D (1) = _ t | mann, Heidelberg, Germany. Both samples were deuterated
gt =ex : (4) S "
TRWwW at the phenyl rings in one of the ortho positions to the meth-
oxy groups, hence each molecule contained two deuterium

where is the KWW parameter ranging between 0
Brww p ging atoms.

<pB=1. The KWW function was also found to describe well
our DLS data for KDE, which had not been measured by
light scattering photon correlation so far. Fitting E¢) to lll. RESULTS

the experimental correlation functions we obtained the val-  We have performed an extensive dielectric relaxation
ues of Bxww and 7xww. From these values the mean relax- study on PDE and KDE in the temperature range from —100

ation time(nww) was calculated: to 150 °C and from -120 to 150 °C, respectively, with an
T B @ncrement of 5 K. The best resolution of our me{;\sur'ements
(Troww) = ( )F(,BKWW), (5) in tan(d) was about X 107°. The data are shown in Figs. 1
Brww and 2 for KDE and PDE, respectively. From inspection of the
wherel" denotes the gamma function of Bduyw- plots it is evident that for KDE basically two loss processes

are observed in contrast to PDE where we find three pro-
D. Differential scanning calorimetry ~ (DSC) cesses. The processes in KDE are theelaxation process
We measured the glass transition temperafiyeising
differential scanning calorimetr§DSC). Prior to theT; mea- 10' c
surement a few milligrams of each material of all four F
samples were heated in the aluminum container of the DSC 100 [
machine(Pyris Diamont, Perkin ElImégmvell above the melt- :
ing temperature and quenched afterwards as fast as possibl i
Then the samples were heated at 10 K/min to find the glase= 107 &
transition temperature, which is also listed in Table I. - ‘

w

10}
E. Samples

In this study we used phenylphthalein-dimethylether 103= ;
(PDE) and cresolphthalein-dimethyleth@(DE). Both sub- [ -40°C ]
stances were synthesized in the laboratory of Professor H 1()'4 Lo sl sl sl sl il sl
Sillescu at the Johannes Gutenberg University in Mainz, Ger- 10° 10? 10* 10° 10°
many. The chemical structures of both samples are showr v [Hz]
together with those of the structurally related BMBC ear-
lier papers named BCDERef. 2] and BMMPC/in earlier FIG. 2. DS spectra”(v) vs v measured for PDE in the temperature range

: : from =100 to 0 °C in incremental steps &4T=20 K and from 20 to 150 °C
papers named BKDERef. 2)] in Table |. For the deuterium in incremental steps AAT=10 K. Contrary to KDE shown in Fig. 1, clearly

NMR experiment we used selectively deuterated RQE_nd two additional loss processes are visible at low temperatures, as exemplified
KDE-d,. The samples were prepared by Herbert Zimmer-or three temperatureighicker lines.
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10 % A B i masy - and fastg-relaxations, respectively. In Figs(a} and 4b)
o KDE™ two additional relaxation processes besidesdhelaxation
Z ~ are shown for PDE, at some selected temperatures. Figure
_E 5 ""-.‘_ 4(a) shows the newly observed weak intermediate loss peak
w % =~ PDE | and Fig. 4b) the high frequency peak corresponding to the

" 2 process already reported by Sticletl al* We have found

\%}%& y this intermediate process in glassy PDE, where it is visible as
et s o \-\. a small loss peak on the high frequency side of the spectra
(Figs. 2 and Band could be observed due to better resolution
of our instrument.

In analogy to the hitherto published data on BMPC and
BMMPC? we will present arguments indicating that this
new loss process is due to the phenyl ring flip in PDE simi-
larly to the one in BMPC, which is a consequence of the
structural similarities between these two mater{ake Table

M e K I) with regard to the methoxylated phenyl rings. Both sub-
PDE ° stances possess phenyl rings attached to the phthaleinic part

" (v)/107°

e N of the respective molecules which can rotate on a different
= sl s time scale than the entire molecule. Such localized motions
z, KDE as a 180° phenyl flip do not change the optical anisotropy

- . . $ and thus cannot be detected in depolarized dynamic light
W scattering measurements. Since the process has typical cor-
: Y relation times of the order of milliseconds, it cannot be stud-
ied by incoherent quasielastic neutron scattering, which is
v [Hz] feasible for faster dynamidS.In order to prove that a 180°
FIG. 3. Comparison of dielectric loss curves measured for PDE and KDE aphenyl f||2p causes the additional !OSS peak in the DS spectra
some selected temperatures outlined also in Figs. 1 and 2 in the regiodf PDE, “H-NMR spectra of partially deuterated PDE and
where the phenyl flip occurs. The absence of a pronounced loss peak @lso KDE samples have been measured by means of the
KDE is clearly visible contrary to PDE. NMR methods which can provide us with precise informa-
tion on local motion on this time scale. Thanks to the proper
related to the glass transition and additionally a secondariocalization of the deuterium substitutiofii-NMR probes
relaxation processes with very low amplitude which can beonly the motion of the aromatic ring and the phenyl flip is a
seen only after a thorough investigation of the low temperavery characteristic kind of motion, well studied and reported
ture range. In order to show that more clearly, we have choin literature!” We find in PDE the so called 2-phase NMR
sen three representative low temperatures: —20, —60, argpectra consisting of two components: a fast one
-80°C and compared in Figs. 3, the/(v) data for both (>10°-1C Hz) and a slow onétypically between single Hz
materials on a magnified scale. up to about MHZ Typical experimentadH-NMR spectra for
Whereas for PDE there is a pronounced peak which poPDE at selected temperatures are shown on the left-hand side
sition shifts from 10 Hz to about f(Hz in the temperature of Fig. 5@). On the right-hand side we show the simulated
range shown in Fig. 3, there is only a tiny hump seen forones. It is assumed that the data measured can be described
KDE. Due to limitations in resolution and the strong influ- by superimposing two dynamically different components
ence of thex-process it is not possible to analyze this peak inshown in the upper right corner of Fig(a for T=292.9 K,
detail. We restrict our analysis to the temperature dependencemely a typical broad Pake spectrum, characteristic of the
of the maximum only. This DS-result will be discussed to-rigid 2H—C bond and a more narrow component, character-
gether with the NMR data later in the framework of the istic of the 180° phenyl flip. The spectrum shows typical two
Arrhenius diagram, see Fig. 6. horns since for the 180° flip two sites are equally occupied
We have analyzed the-relaxation with regard to its and only if the overall flipping rate exceeds*A® Hz, one
width and asymmetry by fitting a Havriliak—Negami function narrow spike is seen, as shown hereTer340 K. The over-
[Eq. (1)] to thee”"(w)-data and foundthe results are listed in all agreement between measurement and simulation is satis-
Table Il for PDE and in Table IIl for KDEthat the param- factory, which confirms our interpretation that the additional
etera is about one in the whole temperature range studied intermediate loss process in PDE as seen in dielectric relax-
agreement with Stickedt al,* whereas they parameter in-  ation spectroscopy is due to the 180° phenyl flip, similarly as
creases with increasing temperature also in quantitativen BMPC? Contrary, in Fig. Bb) we show that for KDE
agreement with earlier findings. A rather different situationthere is no indication for the phenyl motion since only the
can be found in PDE, where three distinct relaxation pro-‘rigid” Pake spectrum is seen. The observation of a small,
cesses occur, as seen from the dielectric loss spectra in Fiiny hump in the DS-spectra of KDE, as shown in Fig. 3,
2. The dominant process which appears at the lowest freaeeds further attention with regard to its possible mecha-
quency is attributed to the-relaxation. Other, secondary nism. Since the 180° flip of the phenyl group is ruled out for
processes appear at higher frequencies and are referred told3E, it is possibly a small angle jiggling of the phenyl rings,

0 al A L L N
107 10" 10° 10" 10* 10° 10* 10° 10°
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TABLE Il. Fit parameters of thex-relaxation of PDE according to the Havriliak—Negami Eg). (dielectric
spectroscopyand according to the Kohlrausch—Williams—Watts E.(dynamic light scattering respectively.
The correspondin@qw parameter of dielectric spectroscopy was calculated according t6Eq.

DS DLS
Temp(°C) QHN (aY)un (Bxww)ps Tun (9) 1/ @0may (9) (Tkww)oLs () (Bxww)pLs

30 0.968 0.616 0.67 9.33E-1 6.42E-1

35 0.968 0.648 0.70 7.00E-2 5.00E-2

40 0.98 0.662 0.72 7.00E-3 5.00E-3

45 0.995 0.677 0.73 9.09E-4 6.69E-4

50 1.009 0.694 0.74 1.49E-4 1.11E-4

55 1.018 0.718 0.76 3.02E-5 2.31E-5

60 1.018 0.748 0.79 7.74E-6 6.12E-6

65 1.019 0.776 0.81 2.38E-6 1.93E-6

70 1.016 0.802 0.84 8.69E-7 7.25E-7

75 1.011 0.84 0.87 3.63E-7 3.14E-7

80 1.016 0.815 0.85 1.82E-7 1.54E-7

85 1.011 0.804 0.84 9.62E-8 8.06E-8

90 1.04 0.81 0.84 4.94E-8 4.51E-8

95 1.02 0.839 0.87 2.50E-8 2.64E-8

100 1.016 0.844 0.87 2.01E-8 1.87E-8
105 1.016 0.837 0.86 1.49E-8 1.27E-8

110 1.015 0.831 0.86 1.03E-8 8.95E-9

115 1.017 0.817 0.85 7.76E-9 6.66E-9
120 1.008 0.84 0.87 5.95E-9 5.06E-9
125 1.015 0.795 0.83 4.59E-9 3.95E-9
130 1.016 0.781 0.82 3.75E-9 3.18E-9
135 1.017 0.759 0.80 3.25E-9 2.64E-9
140 1.005 0.816 0.85 2.81E-9 2.21E-9
145 1.002 0.824 0.85 2.37E-9 1.89E-9
150 0.994 0.843 0.87 1.97E-9 1.61E-9

23.5 51.7 0.54
24.5 27 0.53
26.4 5.7 0.56
27.4 3.7 0.54
29.3 1.4 0.53
31.3 0.50 0.53
33.3 0.17 0.55
35.2 0.070 0.54
37.2 0.024 0.57
39.0 0.0099 0.55
41.1 0.0040 0.57
45.0 0.00087 0.57
43.9 0.0013 0.56
48.9 0.00019 0.59
52.8 0.000048 0.61
56.7 0.000012 0.60

which may cause this small effect. This is not in contradic-Arrhenius temperature behavior. Adopting a typical relax-
tion to the NMR result, since it is very difficult to detect a ation time of 100 s at the glass transition, differentraces
small angle motion by this method. Here further measurefor both specimens reflect their different glass transition tem-
ments are in progress which will be taken at various tempergperatures as is depicted in Table |.
tures in order to investigate changes in the width of the spec- It has been shown that for the majority of nonpolymeric
tra which are indicative of small angle motion. glass forming systems, including the van der Waals glass
We have analyzed the relaxation modes presented iforming systems studied here, the low frequency flank of the
Figs. 1 and 2 with regard to the temperature dependence oélaxation time distribution is characterized by a slope of
the positions of their maxima as derived from the fit of theabout one(it corresponds tax=1, Table Il and Il) in con-
Havriliak—Negami function to the experimental data andtrast to those for polymeric systems, whereas the high fre-
have plotted the results in Fig. 6 in an Arrhenius representaguency wing is described by the slopay: Our values forx
tion. Several important features emerge from this figure. Theand v fit well to those published by Sticket al* Due to this
relaxation times of thex-processes show the typical non- asymmetric relaxation time distribution, the Kohlrausch—
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TABLE IIl. Fit parameters of thex-relaxation of KDE according to the Havriliak—Negami Ed) (dielectric
spectroscopyand according to the Kohlrausch—Williams—Watts E.(dynamic light scattering respectively.
The correspondin@yw parameter of dielectric spectroscopy was calculated according t6Eq.

DS DLS
Temp(°C) QHN (aY)un (Bxww)os Tun (9) 1/ @may (9) (Tkww)oLs () (Bxww)pLs

45 2.15076 0.515
50 1 0.63 0.687 5.600E-1 3.89E-1 0.24928 0.537
55 1 0.655 0.709 7.233E-2 5.18E-2 0.03677 0.555
60 0.992 0.678 0.729 1.121E-3 8.28E-3 0.00721 0.572
65 1.005 0.693 0.742 2.130E-3 1.59E-3 0.00138 0.585
70 1.008 0.712 0.759 4.566E-4 3.48E-4 2.86E-4 0.599
75 1.013 0.73 0.774 1.132E-5 8.79E-5 6.35E-5 0.62
80 1.016 0.744 0.786 3.157E-5 2.49E-5 1.32E-5 0.633
83 751E-6 0.64
85 1.015 0.758 0.798 9.739E-6 7.78E-6
920 1.015 0.773 0.811 3.321E-6 2.69E-6
95 1.014 0.787 0.823 1.245E-6 1.02E-6

100 1.011 0.799 0.833 5.165E-7 4.31E-7

105 1.011 0.796 0.831 2.358E-7 1.96E-7

110 0.925 0.784 0.820 5.322E-8 9.64E-8

115 0.961 0.775 0.813 3.478E-8 4.82E-8

120 0.979 0.748 0.790 1.676E-8 3.28E-8

125 0.986 0.722 0.767 1.130E-8 1.30E-8

130 1.004 0.759 0.799 7.960E-9 9.08E

135 1.005 0.8 0.834 5.745E-9 6.66E

140 1.002 0.846 0.873 4.403E-9 5.03E

145 1.002 0.879 0.900 3.451E-9 3.97E

150 1.002 0.903 0.920 5.600E-9 3.18E

Williams—Watts function in its Fourier transformed form for KDE aboveT,. These data are shown in Fig. 7 for some
makes usually a good approximation of the dielectric specselected temperatures together with the results of the fit of
trum as shown by Boeset al® This is further exemplified Eq. (4) to the data. The values @y and the mean relax-
by the depolarized dynamic light scattering results obtaine@tion time(7) for different temperatures calculated using Eq.
(5) are listed in Table IIl. In order to compare the parameters
obtained in the time domain by means of DLS with those

B /-

PDE-d,

e/ (v)10°

KDE-d2
(a) Mgz.g M /
0.03 J 329.3
' I ' I ' I ‘ 279.5K B R
_1bo 6 1(')0 -1|00 [I) 100 -100 0 100
0.02¢ (@)  vikHz v [kHz] (b) v [kHz]
_?' FIG. 5. (a) Comparison between experimentally determifideNMR spec-
© 0.01r tra obtained for PDHE}, at some selected temperatures as indicated in the
plot (left-hand side of the figupewith simulated datdright-hand side of the
_______ - figure). In the upper right corner the decomposition of a spectrum is shown
0.00 P . . as an example for the separation into the rigid Pake part and the contribution
b) 107 10" 10° 10" 10% 10° 10* 10° 10 due to phenyl flip motion. Note that 5_1=34O K (:7_7 °0), we observe only
v TH71 one narrow component due to motional narrowing, which means that the

motion is faster than the inverse of the quadrupolar coupling constant of
FIG. 4. (a) &"(v) vs v for PDE in the region of the phenyl flip motion about 250 kHz.(b) ?H-NMR spectra obtained for KDHE, at T=329.3 K
measured at —10(H), -80(O), -60( 4 ), and —40 °C(5%). (b) &"(v) vs v (=56 °C). Here only a rigid Pake spectrum is visible and no indication for
for PDE in the region of the fagB-process measured in the temperature a phenyl flip shows up. The same holds also for other temperatures in the
range from —160 to =90 °C in incremental stepsAdf=10 K. glassy state of the material.
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FIG. 6. Arrhenius plot of the relaxation frequencies of processes observed in

KDE (O) and PDE(0) by means of DS. The,,, values were calculated  FIG. 8. Comparison of th@uy parameters obtained by DLS and DS for

using Eq.(2). The notation of thg3-processes refers only to PDE: The fast PDE[DLS (Ref. 3, DS (Ref. 4] and of KDE[DLS (this work), DS (Ref.

B-procesgH), which has been already reported by Stickiedl. (Ref. 4 and 5)]. Bxww parameters for DS were calculated from the HN parameters

the newp-process(M - DS andyr - NMR), which stems from the phenyl (Table |) using Eq.(6). For PDE two other DS data sets, besides our own

flip motion. The NMR correlation times were calculated from the spectradata, are available: Patkowssi al. (Ref. 3 and Stickel(Ref. 4. Our own

following a procedure described by Roesstérl. (Ref. 20. data agree reasonably well with these, however, there are deviations at low
temperatures. They stem from the different handling of the high frequency

. . . contributions in the spectra.

from DS obtained in the frequency domain one data set has

to be Fourier transformed. Exact numerical recipes are avail- . . . . . .

able to correlate the Havriliak-Negamiand y parameters with the light scattering and d_|electr|c results obtained for the

with the By parameter. We chose the approximation givenstructurally related B4MMPC1|n the_temperature range be-

by Alvarez et al.2® which simply reads tween 0 and 100 °G** where a similaBgww Was found by

both methods. As already stated, the temperature dependence

Bioww = (ap) 123, (6) of the frequency at the maximuna,,,, depicted in Fig. 6 is
highly non-Arrhenius-type and can be routinely expressed in
For BMPC a good agreement was found between thegrms of the Viogel-Fulcher—Tammann equativT)
Brxww parameters derived from dynamic light scattering and
dielectric relaxation, both yielde values about 0.5 in _ -B _ B
y A ° Wmax— Wo exp( . (1) =(Tp)ex ) (7)

the temperature range between -23 and 25 °C. For PDE, T-T, T-T,

however, Patkowsket al? report a large difference between with and (7)) being the high temperature limits, respec

Brxww from light scattering, being about 0.5-0.6 in the tem- . | w‘; h o ? DS ﬂ? d tp ,t d P th

perature range between 20 and 60 °C, and the value f(%}ve y- In de case Oh ' fe DaLg ?r:e trepresen € Itn i e

Brxww from dielectric relaxation, which lies between 0.7 and '"eguency domain, whereas tor € ime representation

0.8 in a similar temperature range. In Fig. 8 we show thelS usedB is a kind of activation energy related to the fragil-
! ' ' ity of the systerhand T, is the Vogel temperature.

arameters of PDE and KDE as a function of tempera- ;
Brcwnw P P In Fig. 9 we plot the —l0fw,,s,) data from DS and the

ture as obtained from DLS and DS, respectively. For KDE )
log({7)) data from DLS versus temperature and find excellent

we find the Bxww parameter, obtained from DS, which in- s X
creases slightly with temperature from 0.7 to 0.85 in thed9reement although strictly speaking we do not compare the

temperature range between 40 and 110 °C and is thus aldgean times from the HN distribution with the mean times
markedly higher than the value f@ obtained from DLS from light scattering experiment but usedl/ instead.

ranging from 0.5 to 0.63 in the temperature range from 45 to Boeseet al'® have found that the Fourier transformation
83 °C (cf. Table Ill). This finding is also in disagreement of DS data and a subsequent fit of the KWW function to that

2
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FIG. 7. Normalized intensity autocorrelation functions obtained for KDE in FIG. 9. Comparison of the logarithm of the mean relaxation tifwsvs

the VH scattering geometry for temperatures from(dght) to 80 °C (left) temperature for PDE and KDE obtained by DLS and the negative logarithm
with an increment oAT=5 K. A fit of a KWW function[Eq. (4)] to the data  of the maximum frequenci,.,from DS. Data from DLS are calculated via

is shown as a solid line. Eq. (5) and data from DS are calculated via EB) using wya=1/Tmax
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result yieldedB parameters identical within 10% to that ob- BMMPC we find qualitatively very similar activation plots
tained from DLS. There is no simple reason why the relax4in each of the pairs with the same number of processes: three
ation time distribution for dipole reorientations should befor PDE and BMPC and only one well developed process for
identical to the orientational correlations monitored via fluc-KDE and BMMPC(in the case of KDE an additional process
tuations in the optical anisotropy. We only want to stress thabf very low amplitude is also visible in the DS spegtrd/e

by plotting our data as shown in Fig. 9 we reach a goodyj|| start our discussion with the secondary relaxations. We
agreement between both data sets for both materials. O id show that in PDE and BMPC we can find a molecular
VFT parameters for PDElow temperature regidnare B mechanistic explanation of the two secondary relaxation pro-

f1562i115 K a”dTO_:253i3 K and those for KDE arB  cagges. In KDE and BMMPC no secondary relaxations are
=3048+100 K andy=240+2 K. These VFT parameters for y;sipie in the 2H-NMR spectra, however, there are indica-

PDE ar}[d thg cro_s,bgove{hteTperatu;e fr%m onﬁ set OffVF ions of a small angle jiggling of the phenyl groups in KDE
E)?Ar/atr:r?l e:atjrzcs”tolnagnotﬁerecr::\pee;? Eireh tZFr):nerZ?:rge: are er11nd possibly in BMMPC following from the structural simi-
P 9 P |arities between these two materials. It should be noted that

agreement with the results of Sticle al® These parameters ) ) . . A
(high temperature regiorare: for PDEB=490+16 K and we have tried to find secondary relaxations using DLS in the
latter materials, however, without success.

Tp=295+2 K and for KDE B=393+14 K and T, . ) .
-326+2 K. The physical nature of secondary relaxations is a matter

It should be noted that the crossover temperature in KDE?T @ longstanding controversy between those who claim that
at aboutT=380 K might be related to a merging of the these always or|g|r_1ate from_ d_|st|nct !ntramo_lecular motions
and B-processes seen as a weak hump, cf. Fig. 3, which wand those who believe that it is a universal inherent process
cannot analyze quantitatively similarly as for PDE, for which independent of the underlying system or, so to speak, of its
the crossover temperature coincides with the merging tem::hemical structure, like the so called Johari—-Goldstein pro-
perature of thex trace with the phenyl flip motion at about cess. The secondary relaxations we have measured in PDE
T=330 K, also in good agreement with Sticketl al* The do not have the properties of Johari-Goldstein processes,
relaxation times of the latter mode, which is being addressedince we find a distinct intramolecular origin of them. Thus,
to as theB-process, obtained by means of DS and NMR, arewve can conclude that the modes we discuss are not of Johari—
shown in Fig. 6. Both data sets coincide within the error barsSoldstein-type. On the other hand, these secondary processes
thus confirming our earlier conclusion that the molecular ori-exhibit an Arrhenius temperature dependence, and merge
gin of the newly observeg@-process in PDE is the phenyl with the a-relaxation at some distinguished temperature. We
flip motion. Its activation energy amounts to 40 kJ/mol. Thepelieve that in most cases one can find a molecular origin of
reason Why there is no such motion visible in KDE is that theany Secondary re|axati0n, however, it is an open question,
methyl group in ortho position makes the ring asymmetriciyhether the internal relaxation is connected with the reorien-
its rotation is no more possible without a cooperative reariation of the whole molecule or not.
rangement of the neighbors. _ The peculiar finding of different widths of the relaxation

With regard to the nomenclature, we want to point OUtyme gistributions of then-processes obtained by DLS and
that usually the term of the “fag{3-) process” is entirely DS in the pairs PDE-KDE and BMPC-BMMPC needs fur-

ﬂz\éoéeeint(}irgeresoéﬁzl(lje?rOrgttil::l%}':;'fgr?t' C?Jgaesig?ggt(i)g nvglllt?o her consideration. The main difference can be seen in the
P d WW parameters characterizing theprocess. While for

scattering and later also from light scattering studies of glas%MMPC and BMPC both the relaxation times afdyy

forming systems. This motion occurs at a frequency of abo .
10 Itog 1(3)/1_2 Hz and Iis herl1ce muL(ih faster tﬂ:n ozr st uexponents obtained by means of DS and DLS are the same,

motion reported here which can be assigned to the rotation d" the other two moleculegiww(DS)> Buww(DLS), Fig.

the methoxy group, in analogy to the corresponding procesg' What can be the reason for this difference? In the DS

found in BMPC? The activation energy is in a good agree- experiment we are monitoring the reorientational dynamics
ment with that determined for pure ani¢ofhe arguments ©f permanent dipole moments. In PDE and KDE there is a
why there is no such motion visible in KDE are similar to Strong dipole moment in the middle of the molec(a@out 2
those given by Meieet al? for the structurally related ma- D) which is coupled to the phenyl rind), Fig. 10, and two
terial BMMPC: The methyl group in ortho position to the equivalent weaker dipole@bout 0.8 D in the side groups
methoxy group prevents the dipole moment of the latter td—O—CH;) of rings (2) and (3), Fig. 10. The DS signal is
rotate freely due to an overlap of the van der Waals radidominated by the contribution coming from the strongest
between the methyl protons of the methoxy group with thoselipole coupled to ring1).
from the ortho methyl group. Thus, is it possible that the DS is monitoring mainly the
dynamics of a part of the moleculstrong dipole +ring(1)],
which could result in a narrower distribution of relaxation
times and a higheBxww value? KDE and PDE have quite
Summarizing our main experimental results and therebylifferent intramolecular degrees of freedom. While in PDE
also taking the results for the structurally related BMPC andhe 180° phenyl ring flip can be seen, in KDE merely a small
BMMPC into consideration, we can say that in both pairs ofangle jiggling of the rings may be present. However, both
van der Waals glass forming liquids PDE/BMPC and KDE/substances  show  similar  differences Bxww(DS)

IV. DISCUSSION
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O a newly observed process assigned to the phenyl flip and a
fast process due to reorientation of the —QQoup.

@ l Only a very weak secondary relaxation has been ob-
served in KDE. This is due to the presence of additional

@) —CH; groups on both rings in the ortho position to the meth-

oxy group, which makes the 180° phenyl impossible due to

@ the spatial hindrance. There are possibly small angle jig-

glings present which need further experimental investiga-

tions. Thus, for PDE and KDE one can see a clear relation-
@ ship between the chemical structure and the relaxation
pattern, similar to that observed for BMPC and BMMPC.

OCH 3 The fact that the width of the distribution of the struc-

OCH tural relaxation times measured for KDE and PDE by DS is

3 CH 3 CH 3 narrower than that obtained from DLS is attributed to the

partial decoupling of the dynamics of the permanent dipole

FIG. 10. Molecular structure of KDE. The numbers in circles are meantmoments in PDE-KDE from the structural relaxation of the
only to number the rings for a more convenient reference. sample. While the detailed mechanism remains still unclear,
we refer to a similar effect found in some supercooled alco-

> Biww(DLS) which may indicate that this difference is not hols. For the chemically similar molecules BMPC and
related to the presence or absence of the phenyl flip relaBMMPC no such differences have been observed since in
ation. this case both the dipole momdiitS) and optical anisotropy

Both techniques DS and DLS probe molecular rotationalDLS) are localized in the same parts of the molecules and
dynamics. Due to the different ranksof the respective in- thus both methods monitor the same dynamics of the entire
teraction tensors, distinct rotational correlation functions arénolecules.
obtained. That is, for the case of simple isotropic rotational
diffusion the resulting time scales could be 3 times faster fOACKNOWLEDGMENT
DLS (¢=2) than those obtained by D&=1). However, in o . . o
supercooled liquids often similar times have been observed Fartial financial support of the Committee for Scientific
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to a complex relaxation scenario with averaging effect whicHully acknowledged.
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