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Cross-link density influence on the relaxations in glass- and gel-forming polyurethanes
by neutron and Brillouin scattering

Y. Scheyer, C. Levelut, and J. Pelous
Laboratoire des Verres, Universite´ Montpellier II, place E. Bataillon, cc 69, F-34095 Montpellier, France

D. Durand
Laboratoire de Physicochimie des Polyme`res, Universite´ du Maine, F-72017 Le Mans, France

~Received 28 October 1997!

An experimental investigation of the relaxational processes related to the glass transition is presented in a
family of polymers where the cross-link density as well as the length between cross links can be varied. We
used inelastic light and neutron scattering to determine the relaxation times in the 1028– 10212 s range. The
relaxation time determined from neutron scattering exhibits aQ2n dependence, withn.4, and is more
sensitive to variations of the cross-link density than Brillouin scattering is. However, the relaxation times
measured by both techniques split from the structural relaxation determined at lower frequencies; they have a
nearly Arrhenius behavior with approximately the same activation energy. The two high-frequency techniques
probe the same secondary relaxation process. The dependence on the microscopical parameters of this process
suggests that the corresponding relaxing entity can be identified as a small portion of the arms of the triol.
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I. INTRODUCTION

The freezing of a liquid into the glassy state constitu
one of the major poorly understood phenomena in conden
matter physics. The relaxational processes related to
glass transition have been extensively studied in fra
liquids ~in Angell’s classification1! and in polymers using
many experimental techniques in a large frequency dom
~from a few Hz to several GHz!.2,3 Whereas in the past mos
studies concerned the long or macroscopic time reg
~above about 1 ps!, many recent works involve inelastic neu
tron and light scattering techniques which are well suited
the study of short time dynamics. As a matter of fact,
dynamics in the picosecond range is specially interesting
cause of its implications on the microscopic mechanisms

In many glass-forming liquids, a secondary process, u
ally called Johari-Goldsteinb relaxation,4 has been observe
above the glass transition, in addition to the primary rel
ation (a) which follows the changes of the viscosity. Th
long time a or ‘‘structural’’ relaxation is generally consid
ered as cooperative and the relaxation timet is well de-
scribed by the Vogel-Fulcher-Tamman-Hesse equation.
b process exhibits an Arrhenius behavior.

The mode coupling theory of Go¨tze and Sjo¨gren also
predicts5,6 a two-step relaxation scenario and the existence
a fastb process in the picosecond range. A splitting betwe
the two relaxational processes occurs in the neighborhoo
the liquid-glass transition. Theb process corresponds to th
minimum in the susceptibility spectrum between thea pro-
cess and the microscopic motions and its characteristic
exhibits power law divergences when approaching the t
perature of the decoupling on both sides. Thea region of the
mode coupling theory is identical with the conventionala
relaxation. The relaxation function~i.e., the response func
tion at t.0 of a small perturbation slowly applied att<0
570163-1829/98/57~18!/11212~11!/$15.00
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and switched off att50! of the a process is described by
stretched exponential exp@2(t/t)b#.

An alternative description referred to as Ngai coupli
model7,8 also introduces two relaxational processes:
Debye-likea fast process, characterized by one single rela
ation time, and a ‘‘heterogeneous’’aslow process character
ized by a stretched exponential exp@2(t/t)12n#, wheren is
related to the cooperativity of the relaxational process. Th
is a change of regime from the short time Debye proces
the long time stretched exponentialaslow regime at a micro-
scopic timetc , which is temperature insensitive.

Clear evidence for the existence of a fast relaxation p
cess preceding thea relaxation process was found by ne
tron and light scattering as well as by molecular dynam
simulations in the mixed salt CKN,9,10 in polymers11,12 and
in the van der Waals liquid orthoterphenyl.13,14

We present a study of the relaxational processes on p
mers belonging to the family of polyurethanes. The aim
this work is to make progress in the identification of t
microscopic origin of the relaxation processes related to
glass transitionTg . By changing parameters such as the m
lecular weight of the triol and the cross-link density, it
possible to change the local structure at the scale of a
angstrom. Hence, the study of the influence of such par
eters can be useful in identifying the origin of the relaxati
processes.

II. SAMPLES AND PREVIOUS STUDIES

The polyurethanes are obtained from the polyconden
tion of two constituents, a triol and a diisocyanate. The O
and NCO groups react to form a urethane bound–O–CO–
NH–. The reaction of a trifunctional constituent with a d
functional one can lead to a tridimensional network. W
studied series of samples where the proportion of the
constituents, i.e., the ratior 5 @NCO#/@OH# of the reacting
11 212 © 1998 The American Physical Society
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groups NCO and OH, is changed; this allows us to vary
cross-link density. Each series~i.e., samples synthesize
from the same triol! undergoes a gelation transition as
function of the ratior . We studied samples corresponding
an excess of alcohol groups (r ,1). The reaction was carrie
out at 313 K under a catalyst until there was complete c
sumption of the NCO groups.r 50 corresponds to the pur
triol and r 51 to a completely connected sample~the reac-
tion is achieved!. The length between cross links can also
modified by changing the molecular weight of the triol us
for the synthesis. We studied samples prepared using
different triols with molecular weightsm5700 g mol21 and
m56000 g mol21. In the following, the samples synthesize
from the low-molecular-weight triol (m5700 g mol21) will
be referred to as ‘‘low-molecular-weight polyurethanes’’
LMPU and that synthesized from the high-molecular-weig
triol as ‘‘high-molecular-weight polyurethanes’’ or HMPU
The gelation occurs forr c50.56 for the LMPU andr c50.75
for the HMPU. The glass transition temperatureTg is r de-
pendent for the LMPU~215,Tg,256 K for 0,r ,1! and
nearly r independent for the HMPU~211,Tg,215 K!.

The structural relaxation is well documented in the po
urethane samples under study.15 It has been studied at lowe
frequencies for the fully gelled samples synthesized fr
low-molecular-weight triol (r 51, m5700 g mol21) using
dynamic light scattering, ultrasonic measurements, and
namical mechanical thermal analysis. It is well described
a Vogel-Fulcher-Tamman-Hesse law.15 At higher frequen-
cies, Brillouin and inelastic neutron scattering have be
used to characterize the relaxational process in several p
urethanes samples corresponding to different cross-link d
sity and synthesized from the lower-molecular-weight tr
(m5700 g mol21).16 In this paper, we will study the influ-
ence of the cross-link density, via the parameterr , in the
series of samples synthesized from the high-molecu
weight triol. We will evidence that the parametersr and m
have different implications on the dynamics at the mic
scopic scale. We will also make a qualitative comparison
the relaxation times obtained by Brillouin scattering to tho
obtained by inelastic neutron scattering for both series.

III. BRILLOUIN SCATTERING

Brillouin spectra were registered in five LMPU and fo
HMPU samples, covering in both cases the whole availa
range of cross-link density. The measurements were
formed using a 233 pass Fabry-Pe´rot interferometer, follow-
ing Sandercock’s design.17 The experimental conditions ar
presented elsewhere.16,18 We measured the signal scatter
with the same polarization as the incident light@or vertical-
vertical ~VV ! polarization#. In those samples, the signal sca
tered with a polarization different from that of the incide
light @vertical-horizontal~VH! polarization# and due to the
coupling of reorientational motions with the acous
phonons is very weak~Fig. 1!. The temperature range o
investigation was about 200– 373 K. It was not possible
measure at higher temperature because it could induce a
radation of the samples. This temperature range extends
the (0.8– 1.45)Tg to (0.95– 1.8)Tg depending on the sample
An example of evolution with the temperature of Brillou
spectra in sampler 50.4 from the HMPU set is shown in
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Fig. 2. The Brillouin spectra in polyurethanes in this tem
perature range are broad and asymmetric. This behavior
be interpreted in terms of relaxational modes coupled
acoustical modes. The maximum coupling of acoustic p
non and relaxational process is achieved when the spectr
the largest and the most asymmetric. This condition is f
filled for T5329 K in the example of Fig. 2, whereas it wa
not possible to reach a temperature high enough to comp
the condition in the LMPU samples. As describe
elsewhere,18 the spectra can then be fitted using a gene
linearized hydrodynamic equation, where a Cole-Davids
distribution function is used to account for the nonexpon
tiality of the relaxational process:

S~q,v!5
I 0

v
ImF S M* q2

r
2v2D 21G , ~1!

FIG. 1. Comparison of VV- and VH-polarized scattered light
a HMPU polyurethane sample corresponding to a ratior 50.4 of
reacting groups. The spectra are plotted as a function of the
quencyn5v/2p.

FIG. 2. Examples of Brillouin inelastic light scattering spect
taken in samplesr 50.4 andm56000 g mol21 for several tempera-
tures. The maximum coupling is achieved forT5329 K.
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with

M* /r5V`
2 2

V`
2 2V0

2

~11 ivt!bCD
, ~2!

whereM* is the complex elastic modulus, andV0 and V`

are the low- and high-frequency limits of the sound veloci
r is the density of the sample andt is the characteristic time
of the relaxational process which coupled to the acou
phonon. This method was used only for temperatures ab
Tg 210 K, where the coupling of the relaxational proce
with the acoustic phonon is strong enough to allow this k
of analysis.

The result of the fitting procedure yields the hig
frequency limit of the sound velocityV` , which can be com-
pared to the position of the Brillouin peakVB . The low-
frequency limit of the sound velocityV0 was determined
from ultrasonics measurements19 and was fixed for the analy
sis of Brillouin data. The sound velocityVB varies from aV0
regime at high temperature, corresponding to a regime wh
the characteristic time of relaxationt is such thatvt!1, to
a V` regime at low temperature, whenvt@1. Figure 3 pre-
sents an example of the temperature dependence of the
locities V0, VB , and V` for the same sample as in Fig.
illustrating this behavior. The influence of the connectiv
on the sound velocity is represented in Fig. 4~a! where the
sound velocityVB has been plotted for several LMPU an
HMPU corresponding to several cross-link densities. For
the samples, the sound velocity slightly decreases with
creasing temperature, up to the glass transition tempera
and then strongly decreases. For the LMPU, at fixed te
perature, the sound velocity increases about 15% wher
increases from 0 to 1. The material becomes more ela
with increasing connectivity. The sound velocity in HMP
does not significantly vary withr . This effect is correlated to
the behavior of the glass transition temperature which d
not vary with the connectivity for this set of samples. Mor
over, the velocity curves for all the samples of both sets

FIG. 3. Evolution with the temperature of the sound velocit
VB (m), V0 (j), andV` (d) in the same sample as Fig. 2.VB is
determined from the position of the Brillouin peak, the hig
frequency limitV` is determined from the fit of the Brillouin spec
trum, andV0 is determined from ultrasonic measurements.
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be rescaled when plotted as a function ofT2Tg @Fig. 4~b!#.
So the elasticity at the hypersonic frequency scale reflects
same macroscopic behavior as the glass transition temp
ture.

On the other hand, the sound velocity is lower in t
HMPU than in the LMPU. This can be understood by loo
ing at the microstructure of the samples: in the HMPU ser
the arms of the triol have more degrees of freedom than
of the LMPU, because they are longer; thus the materia
softer and its elasticity is lower.

The exponentbCD of the Cole-Davidson function doe
not depend significantly on the temperature, on the cross-
density, and on the molecular weight of the triol used for t
synthesis. Its value is close to 0.2 for all the samples.
previously stated,18 such a value can be converted to
stretched exponential exponent using several criteria wh
can be found in the literature.20,21The corresponding stretch
ing exponent would be around 0.3–0.35 depending on
formula used for the conversion.

The mean times deduced^t&5bCD from Brillouin data on
sampler 51, m5700 g mol21 above 310 K~for 1/T lower
than 0.0032 K21) are in agreement with the extrapolation
the structural relaxation to high temperatures determi

FIG. 4. ~a! Influence of the cross-link density on the soun
velocity VB for both sets of samples, plotted as a function of te
perature.~b! Rescaling of the sound velocities byT2Tg . The open
symbols correspond to the LMPU set:r 50 (s), r 50.3 (n), r
50.4 (,), r 50.5 (L), and r 51 (h). The solid symbols corre-
spond to the HMPU set:r 50 (d), r 50.4 (j), r 50.76 (.), and
r 51 (l).
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57 11 215CROSS-LINK DENSITY INFLUENCE ON THE . . .
from the low-frequency measurements.15,16 However, at
lower temperatures, the Brillouin-probed relaxational p
cess splits from thea process and exhibits a nearly Arrhe
ius behavior in the~1–1.6)Tg range and strongly diverge
from thea process determined at lower frequency.15,18 Such
behavior has already been observed in many other stu
carried out by Brillouin scattering22–25 in glass-forming liq-
uids. The authors of Ref. 25 attributed the relaxation pro
by Brillouin scattering in polybutadiene to a strong coupli
of the acoustical phonon to thea-bound torsional dynamics
In the particular case of Ca0.4K 0.6~NO3) 1.4, Cumminset al.
interpreted the Brillouin-probed process as ana relaxation
disturbed by theb process of the mode coupling theory. Th
authors showed that the discrepancy between thea relax-
ation and the Brillouin-probed process was an artifact of d
analysis due to the neglect of theb process.26 However,
none of those explanations could be extended to all the
terials in which such a discrepancy has been observed,
the nature of the relaxation probed by Brillouin is not elu
dated.

Figure 5~a! shows the influence of the cross-link dens
for LMPU on the mean relaxation time:t measured by light
scattering increases withr . An approximately linear behavio
is found18 in the 270–370 K temperature range, which allo
us to determine an apparent activation energy slightly
creasing withr (Ea530–38 kJ mol21). The values of the
activation energy are reported in Table I. In a resca
Arrhenius plot (loĝt& versusTg /T), the relaxation times for
all the samples synthesized from the low-molecular-wei
triol are nearly superimposed in the~1.1–1.5)Tg range@Fig.
5~b!#. The effect of the cross-link density can be fully d
scribed by taking into account the changes ofTg .18 For the
samples synthesized from the high-molecular-weight sam
the curves presenting the relaxation time as a function of
temperature in an Arrhenius plot for several cross-link d
sities are nearly indistinguishable:^t& seems to ber inde-
pendent for the HMPU@see Fig. 5~a!#. Because the glas
transition temperature also does not depend on the cross
density, characterized by the ratior , such behavior is in
agreement with the fact that the variation of relaxation tim
is fully accounted for by changes in the glass transition te
perature@Fig. 5~c!#.

Moreover, the relaxation times for the HMPU are abo
10 times lower than that of the low-molecular-weig
samples~if one compares the fully connected polyurethane!.
As for the variations of sound velocity, this effect can
related to the fact that the ‘‘arms’’ of the triol have mo
degrees of freedom in this series of samples, so that they
move faster. Moreover, because they are the most ‘‘flexib
part of the polyurethane molecule~compared to the ‘‘rigid’’
diisocyanate!, they dominate the fast dynamics in the pic
second time range.

The ratio Ea/Tg , also reported in Table I, is slightly
higher for the samples made of the triol ofm56000 g mol21

than for the LMPU. This can be related to different ‘‘spa
filling’’ for two series. Indeed, in the LMPU the packing i
only ruled by the connectivity and can be completely d
scribed by a percolation model. In contrast, in the hig
molecular-weight triol, the arms are long enough to unde
entanglements, and this effect has to be taken into accou
addition to the effect of connectivity.
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IV. INELASTIC NEUTRON SCATTERING EXPERIMENTS
AND ANALYSIS

Inelastic neutron scattering spectra were measured u
the time of flight spectrometers MIBEMOL of LLB~Saclay,
France! and IN5 of ILL ~Grenoble, France!. Because of low
count rates, we choose relatively thick samples, the m
sured transmission ranged between 90% and 80% depen
on the wavelength of the measurements. Due to the h
hydrogen contents of the samples, the scattering is es

FIG. 5. ~a! Arrhenius plot for five LMPU~open symbols! and
four HMPU ~solid symbols! samples.~b! Rescaled Arrhenius plot
for LMPU. ~c! Rescaled Arrhenius plot for HMPU. LMPU:r 50
(s), r 50.3 (n), r 50.4 (,), r 50.5 (L), andr 51 (h). HMPU:
r 50 (d), r 50.4 (j), r 50.76 (.), andr 51 (l).
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11 216 57Y. SCHEYER, C. LEVELUT, J. PELOUS, AND D. DURAND
tially incoherent. Hollow cylindrical sample geometry wa
chosen in order to keep self-absorption as isotropic as
sible. The time of flight measurements were performed w
an incident wavelength equal tol58.5 or 5.8 Å on
MIBEMOL and l55 Å on IN5. The spectra were recorde
in 508 time of flight channels and in about 3003He detectors
corresponding to 63 angles for MIBEMOL~1000 detectors
and 90 angles for IN5!. For both experiments the data we
grouped into about 10 detectors groups, spread over of
6°. The experimental conditions are reported in Table II.

The conversion of the data into a dynamic structure fac
S(2u,v) and the subtraction of container scattering we
straightforward. The spectra were normalized to a vanad
standard. The spectra are then corrected from the De
Waller factor~determined from backscattering measurem
on the IN10 spectrometer using the procedure defined in
27! and from the Bose factor. The functionS(2u,v) is un-
physical because a constant detector angle 2u does not cor-
respond to a constant scattering vectorQ: Q is given by the
conservation law of momentum transfer:

Q5H 2m

\2
@2Ei2\v22cos2uAEi~Ei2\v!#J 1/2

, ~3!

where\v is the energy lost by the incident neutron,m is the
neutron mass, andEi5\2/2ml2 is the incident energy of the
neutrons of wavelengthl.

Figure 6 shows an example of Bose-scaled dynamic st
ture factor S(Q,v) interpolated at constantQ value (Q
51.2 Å21) for several temperatures across the glass tra
tion temperature measured in the completely connec
HMPU sample (r 51, m56000 g mol21), in a double-
logarithm scale, to evidence the low-frequency part. T
spectra are normalized to their maxima. The dominating f
ture of the spectra at low temperatures is the ‘‘boson’’ pe
around 2 meV. This contribution arises from vibration
modes. At higher temperatures, a quasielastic broaden
whose intensity increases faster than the Bose factor, se
This broadening is characteristic of a relaxational proces

TABLE I. Activation energy determined by Brillouin scatterin
and ratio of activation energy to glass transition temperature for
two series of samples.

m
~g mol21) r

Tg

~K!
Ea

~kJ mol21)
Ea /Tg

~kJ mol21 K 21)

700 0 220 31 0.14
1 256 38 0.14

6000 0 210 35 0.165

TABLE II. Experimental conditions used for the experimen
incident wavelengthl of the neutrons, energy resolutiondE, and
range of elastic wave vectorsDQ and of scattering anglesDu.

Experiment l ~Å! dE ~meV! DQel ~Å 21) Du

MIBEMOL 8.5 35 0.3-1.13 11-128.7°
MIBEMOL 5.8 110 0.44-2 11-128.7°
IN5 5 100 0.24-2.26 23.5-141.8°
s-
h

°–

r
e
m
e-
t
f.

c-

i-
d

e
a-
k
l
g,
in.

As the quasielastic broadening due to the relaxation is
the order of the instrumental resolution width~a few tens of
meV), the analysis of the time of flight data recorded
MIBEMOL is performed using Fourier deconvolution of th
measured spectra and fitting procedure in the time dom
The time correlation functionS(Q,t) is calculated from the
Fourier transform of the data after interpolation to const
Q values. The accessibleQ values are given by Eq.~3!.
Moreover, the available energy range depends on theQ
value. The intermediate scattering functionS(Q,t) being cal-
culated from the Fourier transform ofS(Q,v) can be evalu-
ated only if the frequency spectrum includes the elastic ch
nel v50. This imposes severe restrictions upon t
accessible energy and momentum transfers. For MIBEM
experimental conditions, this condition leads to a maxim
energy range\v< 6 meV and 0.9<Q<1.3 Å21 whenl is
set to 8.5 Å and\v< 15 meV and 0.9<Q<1.9 Å21 when
l55.8 Å. For IN5 experimental conditions,Q is in the 0.9–
2.1 Å21 range with\v< 15 meV. The spectra are the
symmetrized using detailed balance conditions to avoid tr
cature effects at zero frequency. The Fourier transform
calculated using a discrete Fourier transform algorithm, t
ing into account the limitation of time range required b
Nyquist’s theorem.28 The Fourier transform of the exper
mental spectrum is divided by the Fourier transform of
low-temperature spectrum~10 K! in order to deconvolute
from the resolution function. It has been previously show16

that, in our samples, a deconvolution from the vibratio
following a procedure described in Ref. 12 yields very sm
differences between the deconvoluted Fourier transform
tained by both methods. The two methods differ only for t
highestQ values~aboveQ51.6 Å21) and the shortest time
~below 4310213 s!. In the conditions where the difference
occur the result of the method of Ref. 12 gives very sligh
higher t values. However, this procedure neglects the te
perature dependence of the vibrational contributions~soften-
ing of the boson peak with increasing temperature!, and thus
cannot produce quantitative correct values. Because in

e

FIG. 6. Inelastic neutron scattering spectra measured
MIBEMOL ~LLB, France! on the high-molecular-weight fully
gelled sample for several temperatures, plotted in a log-log scale
a scattering vectorQ51.2 Å21. The spectra are normalized to the
maxima. The solid line represents the 10 K spectrum, plotted
show the resolution.
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frequency space the accessible energy range depends o
scattering vector value, in the time-space the minimum ti
value also depends onQ. Examples of the scattering law
S(q,t) is shown in Fig. 7 for one measurement carried o
with l55 Å @Fig. 7~a!# and one withl55 Å @Fig. 7~b!#, for
the two extremeQ values. On the long time side,S(q,t) has
to be cut off above 5310211 s for l58.5 Å and above
2310211 s for l55 Å due to high errors bars at long time
~see Fig. 7!. Finally, the range in which the Fourier transfor
can be calculated is reported in Table III.

In our polyurethane experiments, the Fourier transform
the time of flight data does not demonstrate a two-step
havior, with a Debye process in the 10213 ps range, as pre
viously reported in other samples29 and predicted by the
Ngai coupling model. The scattering law in the full tim
range and at everyQ value can be well fitted to a stretche

FIG. 7. Example of Fourier transform of time of flight data o
MIBEMOL as a function of temperature, showing the error b
and the time domain of the Fourier transform.~a! l55 Å for
sampler 51 in the LMPU set at 350 K, atQ50.9 Å21 (d) and
Q52.1 Å21 (s). ~b! l58.5 Å, for the LMPU corresponding to
r 50.6 at 353 K atQ50.9 Å21 (d) andQ51.3 Å21 (s).
the
e

t

f
e-

exponential law~also called the Kohlrausch or William-Wa
function! S(Q,t)5S(Q,t50)exp@2(t/t)bKWW# in the 250–
373 K temperature range. The mean relaxation time is
culated from the parameters of the distribution function
ing the relation ^t&5tG(1/bKWW) where G denotes the
gamma function. Since the dynamic window of individu
spectra is restricted to less than two decades~about one and
a half forl58.5 Å!, three-parameter fitting procedures yie
huge error bars and inconsistent parameters. We assum
time-superposition temperature i.e., we used a temperat
independent parameterbKWW. The exponentbKWW of the
stretched exponential has been determined by perform
systematic tests with fixedbKWW values. The best simulta
neous fits of all the spectra related to one given sample in
whole temperature range are obtained with abKWW exponent
equal to 0.286 0.02. This value is rather close to that of th
stretched exponential exponent obtained from the conver
of the Cole-Davidson exponent deduced from the analysi
Brillouin data in polyurethanes. However, the quality of
single temperature fit is not very sensitive to the value
bKWW, at least for the highest-temperature spectra. Ra
good fits can be achieved within a certain range ofbKWW.
Examples of fits at several temperature values for data m
sured withl58.5 Å21 for sampler 50.6 of the LMPU set
at Q51.2 Å21 are shown in Fig. 8 for several temperatur
above the glass transition temperature. In Fig. 9 is plotted
logarithm of the relaxation time for sampler 51, m5700 g
mol21 at several temperatures in the 238–363 K range a
function of the momentum transferQ in a linear-logarithmic
scale. The results include data obtained using two dist

FIG. 8. Example of fits of the Fourier transform by a stretch
exponential with exponentb fixed to 0.28. The Fourier transform
are calculated from time of flight data registered on MIBEMO
with l58.5 Å and interpolated atQ51.2 Å21 on sampler 50.6,
prepared from the triol of molecular weightm5700 g mol21. The
fits are shown for several temperatures above the glass trans
temperature: 254 K (,), 293 K (L), 323 K (h), and 363 K (s).
TABLE III. Available-time range for the Fourier transform.Dt(Qmin) and Dt(Qmax) indicate the time
ranges accessible for the minimum and maximum scattering vector (Qmin andQmax), respectively.

l ~Å! Qmin ~Å 21) Dt(Qmin) ~s! Qmax ~Å 21) Dt(Qmax) ~s!
5 Å 0.9 5310213–2310211 2.1 10213–2310211

8.5 Å 0.9 7310213–5310211 1.3 3310213–5310211
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experiments~IN5 with l55 Å and MIBEMOL with l
55.8 Å!. They are presented forQ ranging from 0.9 Å21 to
2.1 Å21. The curves are reasonably linear with appro
mately the same slope: this means that the behavior oft as a
function ofQ is almost independent of the temperature in
temperature range of the measurements and within the
perimental uncertainty. The fact that theQ behavior of
t(Q,T) is almost independent of the temperature in the te
perature range of the measurements implies thatt(Q,T) can
be factorized into a temperature-dependent terma(T) and a
Q-dependent termt̃ (Q). As can be seen in Fig. 10~a!, a
master curvet̃ (Q) can be built by shifting thet̃ (Q) values
in the logarithmic scale towards the reference valuet(Q,TR)
whereTR is a temperature reference in the range of meas
ments.

The coefficientsa(T) which allow us to achieve the mas
ter curve are shown in Fig. 10~b!. This coefficient gives the
temperature dependence of the relaxation time determine
neutron scattering. The Brillouin determination of the rela
ation time and thea process determined from low-frequenc
determination are also plotted for comparison. This fig
shows that the process which contributes to the inelastic n
tron scattering has a temperature dependence very simil
that of the Brillouin process. Both processes deviate from
a process for low temperatures~corresponding to 1000/T
.3.2).

The obtained ‘‘master curves’’ are shown in Fig. 10~c! for
several samples. This figure shows that the variation ot
with the scattering vector in the 0.9–1.9 Å21 range is similar
for several samples corresponding to various cross-link d
sities and synthesized from the two triols. Linear regressi
of logt versus logQ give slopes ranging fromn54.060.5
for the LMPU with r 50.4 to n54.760.5 for the HMPUr
50. The values of exponentsn are given in Table IV. To
summarize, the wide set of data is consistent with at
}Q2n law with n54.360.8. A similar behavior has alread
been found by previous inelastic neutron studies in the s
frequency range in poly~vinyl methyl ether! and in poly~di-
methyl siloxane!.29–31 SuchQ behavior is sometimes attrib
uted to structural relaxation.32

FIG. 9. Evolution of the mean relaxation time for a LMP
sample corresponding tor 51 as a function of the scattering vecto
Q. The measurements were carried out on IN5 withl55 Å ~open
symbols! and MIBEMOL l55.8 Å ~solid symbols! in a wide tem-
perature range.
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FIG. 10. ~a! Master curvet̃ (Q) for sampler 50.4, prepared
from the triol m5700 g mol21 at a reference temperature 250 K
The solid line is a linear regression showing theQ2n dependence of

the relaxation timeŝt& with n close to 4. The values oft̃ (Q) are
plotted for 250 K (m), 273 K (m), 302 K (h), 310 K (n), 321 K
(.), 350 K (L), 363 K (j), and 373 K (d). ~b! Temperature
dependence of the coefficients used to build the master plot@a(T),
plotted ass, vs 1000/T]. Comparison with the logarithm of the
relaxation times obtained from Brillouin scattering (d) and from
the low-frequency techniques for thea process~solid line!. ~c!
Similar master curve for several polyurethanes. The open sym
correspond to the LMPU set:r 50.4 (,), r 50.6 (x), and r 51
(h). The solid symbols correspond to the HMPU:r 50 (d) and
r 51 (l).



rve

ith
en

57 11 219CROSS-LINK DENSITY INFLUENCE ON THE . . .
TABLE IV. Exponentn of the power lawt}Q2n derived from the linear regression of the master cu

t̃ (Q) vs Q for all the temperatures.n is reported for the six samples studied by time of flight, together w
the range of temperature~indicated by the corresponding ratioT/Tg) where the linear regression has be
performed.

m ~g mol21) 6000 6000 6000 700 700 700
r 0 0.8 1 0.4 0.6 1
T/Tg 1.4–1.7 1.4–1.7 1.4 –1.7 1–1.6 1–1.5 1–1.4
n 4.760.7 4.560.4 4.660.7 4.060.5 4.760.5 4.760.4
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In the range of measurements, the temperature de
dence is compatible with an Arrhenius behavior. Figure
shows the Arrhenius behavior for fully connected LMPU f
several values of the momentum transferQ between 0.9 and
2.1 Å21. The curves are nearly parallel; the activation e
ergy does not significantly depend on theQ value. For this
sample, a linear regression of the relaxation time for o
given scattering vector is between 4062 kJ mol21 and 49
61 kJ mol21 depending on theQ value. A linear regression
of all the data points at the same time for the same sam
gives a valueEa54565 kJ mol21.

This behavior~activation energy independent ofQ) is
similar for all the samples. The activation energies obtain
by linear regression over the relaxation times determined
all the Q values at the same time are given in Table V
several samples belonging to both series. The activation
ergies are aroundEa54765 kJ mol21 and do not depend
on eitherr or m, within the experimental accuracy.

The relaxation times measured for all the samples by
elastic time of flight neutron scattering withQ51.2 Å21 are
shown in an Arrhenius plot in Fig. 12. The relaxation tim
exhibits the same variations with the parametersr andm as
does the time deduced from the inelastic light scattering d
The characteristic time for the relaxational process increa
with increasingr for the LMPU samples and decreases w
increasingm, of about one decade. Nevertheless, there
difference between the two techniques: using neutron s
tering, the relaxation time slightly depends on the cross-l
density for the series of sample synthesized from the h

FIG. 11. Arrhenius plot@2 log(̂ t&) vs 1000/T] for the sample
r 51 from the high-molecular-weight set.t is determined from the
fit with a stretched exponential of the Fourier transform of the ti
of flight data recorded withl55 Å, for several scattering vecto
values ranging from 0.9 Å21 to 2.1 Å21.
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molecular-weight triol~the relaxation time for sampler 51
is about 3 times higher than forr 50). As a consequence, th
relaxation times deduced from neutron scattering are not
perimposed as plotted versusTg /T for HMPU samples~Fig.
13!. The superimposition is neither achieved for the samp
synthesized from the low-molecular-weight triol: the amp
tude of the effect on logt is higher than the variations of th
glass transition temperature.

V. DISCUSSION

We have presented inelastic light~Brillouin! scattering
and inelastic neutron~time of flight! scattering measuremen
in two series of polyurethane samples. In each series,
cross-link density is varied by changing the ratior of two
constituents: a triol and a diisocyanate. The two series di
by the molecular weight of the initial triol, which change
the length between cross links. Those two parameters cha
the microstructure and their influence on the relaxation ti
is tested.

A. Q dependence of neutron scattering data

Inelastic neutron scattering gives access, in addition to
‘‘classical’’ temperature dependence, to the variations w
another parameter: the scattering vector. The relaxation t
decreases with increasingQ, following a Q2n behavior,
wheren is close to 4. This behavior implies that the Gaus
ian approximation (n.2) does not hold for the polyurethan
samples; this result is contradictory to what was found
several other polymers.32 A Q24 law was predicted by de
Gennes for the incoherent scattering of a Rouse chain33 but
this model applies only for very small scattering vect
~about 1023 Å 21).

Other authors mentioned that if the Gaussian approxim
tion holds, then S(Q,v)}exp@2Q2^u2(T)&# and S(Q,v)
}exp(2AtbKWWQnbKWW), where A is a constant, so tha
nbKWW.2.32 Then, the displacement of the scattering ce
ters is independent ofQ and governed by sublinear diffusio

TABLE V. Activation energy determined from the neutron tim
of flight measurements.

m5700 g mol21 r 50.4 Ea544.564 kJ mol21

r 50.6 Ea547.561 kJ mol21

r 51 Ea54565 kJ mol21

m56000 g mol21 r50 Ea551.562 kJ mol21

r 50.8 Ea54662 kJ mol21

r 51 Ea55162 kJ mol21
e
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@^u2(T)&}tbKWW#. Such behavior was observed in seve
polymeric glass-forming systems. In polyurethane samp
this relation is not fulfilled: we obtainnbKWW.1.3– 1.6,
even if the exponentbKWW is varied within the range o
reasonable quality of fit. Hence, these samples deviate f
the Gaussian behavior. Such a result was also found for
lybutadiene and polyisopropylene.34 Nevertheless, the calcu
lated time dependence was similar for all theQ values in-
vestigated and the behavior found can be written asf (t)
5(6/Qb)ln@1/S(Q,t)# whereb, 2 is determined as the ex
ponent for which the curves (6/Qb)ln@1/S(Q,t)# are super-
imposed for everyQ.34 In polyurethanes, this analysis yield
b.0.7 which confirms the non-Gaussian behavior. AbKWW
value can also be determined from the slope of the cur
(6/Qb)ln@1/S(Q,t)# in a log-log plot. This procedure yield
bKWW.0.2, slightly lower than the value determined fro
the best fits.

B. Comparison of Brillouin and inelastic neutron results

1. Wave-vector dependence

The Q dependence law of the relaxation time determin
by time of flight is very strong. Hence, if this law would b
extrapolated to the scattering vector of Brillouin scatterin
assuming that both techniques probed the same process
similar fashion, it would give a very long time scale fo
Brillouin scattering, different from the result we obtained.
is highly improbable that the observedQ dependence for
neutron scattering can be extrapolated over three decad
Q. Moreover, theQ dependence is expected to be differe
for both techniques because, in the polyurethane samples
inelastic neutron measurements are dominated by the i
herent scattering of the hydrogen atoms, whereas the B
louin scattering is a coherent scattering. TheQ dependence
of coherent and incoherent scattering in the sameQ range is
expected to be very different because the coherent scatte
vector dependence is modulated by the elastic structure
tor. However, at the spatial scale of Brillouin scatterin
there is no particular feature in the elastic structure fac
On the other hand, because of their coherent characte
one and incoherent character for the other, the two te

FIG. 12. Mean relaxation times forQ51.2 Å21 derived from
inelastic neutron scattering presented in an Arrhenius plot for th
LMPU and three LMPU samples. The dotted lines are guides
the eyes.
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niques are not expected to reveal the same scattering be
ior. Coherent scattering is expected to probe correlated
tions, whereas incoherent neutron scattering is mo
sensitive to individual motions of hydrogen atoms. Neverth
less, in Brillouin scattering, the coupling with relaxation
motions is indirect, so that we probe the correlated therm
motions which result in an acoustic phonon, but the rel
ational motions coupled to the phonon are not necessa
correlated.

However, though the scattering vectors of the two te
niques differ by three orders of magnitude and one is a
herent technique whereas the other one is incoherent, t
are very strong analogies between the relaxations tim
probed by the two techniques.

2. Dependence on the microscopical parameters

First, the relaxation times determined by both techniqu
are in the same range. Second, they are both sensitive,
similar manner, to changes of the connectivity~variations of
r ) and to changes of the length between cross links with
changing the connectivity~variations ofm). As already men-
tioned, the relaxation time increases when the cross-link d
sity increases and decreases when the lengths between
link increase; this behavior can be understood by assum
that the dynamics could be dominated by the movement
the ‘‘arms’’ of the triol. Increasing the ratio of the reactin
groups and decreasing the molecular weight of the ini
triol are two different ways to decrease the mean dista
along the chains between cross links, i.e., the length of
chains of triol connected to each other by urethane bon
The urethane bounds cannot contribute to the relaxation
cause the observed process is already present in pure
with sensibly the same activation energy. Both effects~an
increase ofr and a decrease ofm) cause an increase of th
relaxation time. However, the two parameters have sligh
different influences. The effect ofm is of the same amplitude
for the two techniques~whatever the scattering vector valu
is!: about one decade for the fully connected samples,
creasing with decreasingr . In addition, this effect is not
completely explained by the variations of the glass transit
temperature. As a matter of fact, in Brillouin scattering, t

e
r

FIG. 13. Rescaled Arrhenius plot log(^t&) vs T/Tg for the relax-
ation times deduced from the time of flight data for all the samp
plotted forQ51.2 Å21.
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two sets of samples correspond to a different ratioEa /Tg .
By inelastic neutron scattering, the accuracy in the deter
nation of the activation energy is not good enough to cla
that the two series correspond to different ratios of activat
energy to glass transition temperature, but the data co
sponding to two samples, each synthesized from a diffe
triol, are clearly not superimposed. The effect ofr depends
on the technique and is completely taken into account by
macroscopic effect of the glass transition temperature for
relaxation times determined using Brillouin scattering. Ho
ever, the relaxation time probed by inelastic time of flig
neutron scattering is more sensitive to the cross-link den
than by Brillouin scattering. Several explanations can be s
gested for a difference in behavior between the relaxatio
process probed by both techniques.

First of all, one possible difference comes from the d
ferent energy ranges investigated (\v is equal to a few meV
for the time of flight whereas\v is about a fewmeV for the
Brillouin scattering!.

Second, as already pointed out, the two techniques p
very different ranges of wave vector:Q is equal to a few
Å 21 for the neutron scattering whereasQ.131023 Å 21

for light scattering. Consequently, they are sensitive to
relaxation process at a very different spatial scale. Inela
neutron scattering is a more local technique than Brillo
scattering; it is more sensitive to the microstructure and
the presence or the absence of cross-link points. At the la
scale probed by Brillouin scattering, much larger than
distance between cross links, the effect of cross links
likely to be smoothed by an effect of spatial averaging.

A third reason for the differences arises from the fact t
the coupling of the relaxational process to light scatter
occurs in an indirect fashion, via the coupling of the rela
ation with an acoustic phonon which modifies the scatter
of light by this acoustic phonon. In this case, the scatter
vectorQ corresponds to the scattering vector of the acou
phonon and not to that of the relaxational excitation. Th
this suggests that the acoustic phonon can couple to ex
tions of various scattering vectors and it can be sensitive
broader distribution of relaxing entities. As pointed out
Sec. IV, the inelastic neutron spectra can also be analy
with slightly larger values ofbKWW. This gives another ar
gument in favor of a possibly larger time distribution o
served by Brillouin scattering than that probed by inelas
neutron scattering.

3. Temperature dependence

The third analogy between the relaxation proces
probed by the two techniques lies in their very similar te
perature dependence. The relaxation processes probe
both techniques strongly deviate from the low-frequency
termination of thea process. The coefficienta(T) represent-
ing the temperature dependence of the relaxation time de
mined from time of flight measurements and the relaxat
time measured from Brillouin scattering have very simi
variations with the temperature. Both quantities exhibi
nearly Arrhenius behavior in the range of measurements.
activation energies deduced from the two techniques ar
the same order of magnitude: about 35–50 kJ mol21. To
figure out what kind of relaxing entity could correspond
such energy, we compared this value to the activation ene
i-
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of the rotation of a CH3 or a small lateral group~less than 15
kJ mol21); the conformational changes are usually char
terized by activation energy below 10 or 20 kJ mol21.25,35

Thus, the entity involved in the relaxational process resp
sible for the inelastic neutron scattering and which coup
to the acoustic phonon is of an intermediate size, involv
something more difficult to move than a lateral group o
single C–C bond. We estimate that this entity includes
least three or four carbon atoms. The relaxational proc
studied in this paper is a semilocal one.

VI. CONCLUSION

In conclusion, the relaxation times determined using b
techniques are of the same order of magnitude; their va
tions with either the microscopical parameters~the cross-link
density and the length between cross links! or the physical
ones~like the temperature! are very similar, and thus they ar
very likely to probe the same relaxational process. The
ferences between the times obtained from the two techniq
~in the sensitivity to the cross-link density! arise from the
techniques and the mechanism through which the re
ational process is probed. On the other hand, the pro
probed by inelastic light and neutron time of flight depa
from the structural relaxation. Hence, the two techniques e
denced a secondary relaxation. Most studies carried ou
polymers with time of flight experiments report a two-st
regime with a Debye-like process below 10212 s and the
structurala relaxation process in the 10212– 10210 s range,
i.e., in the main part of the time range available by the tim
of flight technique. The latter corresponds to aQ dependence
corresponding toQ2n with nbKWW.2.32,12,34In poly~vinyl
chloride!, the Debye process was attributed to theb relax-
ation of the mode coupling theory and was found to be d
ferent from the b process measured by dielectr
spectroscopy.36 In some cases, a crossover between thea
process and theb process was evidenced using mode co
pling analysis.37–39However, in the polyurethanes, the inte
mediate scattering function does not exhibit a two-step
havior and the whole set of data could be fitted using o
one memory function in the whole time, temperature, a
scattering vector range.

To summarize, we evidenced a secondary relaxation
polyurethane by inelastic light scattering and inelastic n
tron scattering. This result is in contrast with the results
previous measurements, with similar experimental con
tions, in many other polymers.32 Indeed, we probed a sec
ondary (b) process instead of thea process evidenced in
other polymers in this range of time and temperature. T
process has an activation energy of about 35–50 kJ mo21,
larger than the usual values of activation energy for seco
ary processes evidenced by other techniques. The rela
entity contains about three or four carbon atoms and belo
to the arms of the triols.
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