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Cross-link density influence on the relaxations in glass- and gel-forming polyurethanes
by neutron and Brillouin scattering
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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 I ' s range. The
relaxation time determined from neutron scattering exhibit® d' dependence, witm=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.
[S0163-182e08)07217-9

I. INTRODUCTION and switched off at=0) of the « process is described by a
stretched exponential ejxp(t/7)”].

The freezing of a liquid into the glassy state constitutes An alternative description referred to as Ngai coupling
one of the major poorly understood phenomena in condenseiodel® also introduces two relaxational processes: a
matter physics. The relaxational processes related to th@ebye-like as,g process, characterized by one single relax-
glass transition have been extensively studied in fragilédtion time, and a “heterogeneousty,, process character-
liquids (in Angell's classificatioh and in polymers using ized by a stretched exponential x{t/7)* "], wheren is
many experimental techniques in a large frequency domaiﬁelated to the coop_erativity of the relaxc_':ltional process. There
(from a few Hz to several GHZ3 Whereas in the past most IS @ Change of regime from the s_hort time Debye process to
studies concerned the long or macroscopic time regim&e long time stretched exponential,,, regime at a micro-
(above about 1 psmany recent works involve inelastic neu- SCOPIC timet., which is temperature insensitive.

tron and light scattering techniques which are well suited for Cl€ar evidence for the existence of a fast relaxation pro-
the study of short time dynamics. As a matter of fact, the“€SS preceding the relaxation process was found by neu-

dynamics in the picosecond range is specially interesting beron and light scattering as well as by molecular dynamics

P : , . simulations in the mixed salt CKRi*® in polymers®!? and
cause of its implications on the microscopic mechanisms. in the van der Waals liquid orthoterpherit*

In many glas§—form|ng_l|qwds, a sacondary PrOCESS, USU=\yg present a study of the relaxational processes on poly-
ally called Johari-Goldstei relaxation, has been observed . o belonging to the family of polyurethanes. The aim of
above the glass transition, in addition to the primary relaxyhis work is to make progress in the identification of the
ation («) which follows the changes of the viscosity. The picroscopic origin of the relaxation processes related to the
long time « or “structural” relaxation is generally consid- glass transitio ;. By changing parameters such as the mo-
ered as cooperative and the relaxation timés well de- |ecular weight of the triol and the cross-link density, it is
scribed by the Vogel-Fulcher-Tamman-Hesse equation. Thgossible to change the local structure at the scale of a few
B process exhibits an Arrhenius behavior. angstrom. Hence, the study of the influence of such param-

The mode coupling theory of Gze and Sjgren also eters can be useful in identifying the origin of the relaxation
predictS'® a two-step relaxation scenario and the existence Oprocesses.

a fastB process in the picosecond range. A splitting between
the two relaxational processes occurs in the neighborhood of
the liquid-glass transition. Thg process corresponds to the
minimum in the susceptibility spectrum between thero- The polyurethanes are obtained from the polycondensa-
cess and the microscopic motions and its characteristic timéon of two constituents, a triol and a diisocyanate. The OH
exhibits power law divergences when approaching the temand NCO groups react to form a urethane bow@-CO-—
perature of the decoupling on both sides. Bheegion of the  NH-. The reaction of a trifunctional constituent with a di-
mode coupling theory is identical with the conventiomal functional one can lead to a tridimensional network. We
relaxation. The relaxation functiofi.e., the response func- studied series of samples where the proportion of the two
tion att>0 of a small perturbation slowly applied &&0 constituents, i.e., the ratio= [NCO]J/[OH] of the reacting

Il. SAMPLES AND PREVIOUS STUDIES
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groups NCO and OH, is changed; this allows us to vary the
cross-link density. Each serieg.e., samples synthesized
from the same trigl undergoes a gelation transition as a
function of the ratior. We studied samples correspondingto ~ 800~
an excess of alcohol groups<1). The reaction was carried | vV
out at 313 K under a catalyst until there was complete con- _t
sumption of the NCO groups.=0 corresponds to the pure
triol andr=1 to a completely connected samjitae reac-
tion is achievedl The length between cross links can also be
modified by changing the molecular weight of the triol used 400}~ _VH g
for the synthesis. We studied samples prepared using two -
different triols with molecular weightsi=700 g mol™* and I s
m=6000 g mol . In the following, the samples synthesized
from the low-molecular-weight triolri=700 g mol %) will

be referred to as “low-molecular-weight polyurethanes” or
LMPU and that synthesized from the high-molecular-weight
triol as “high-molecular-weight polyurethanes” or HMPU.
The gelation occurs far,=0.56 for the LMPU and .=0.75 V (GHz)
for the HMPU. The glass transition temperatdrigis r de-
pendent for the LMPU215<T,<256 K for 0<r<1) and
nearlyr independent for the HMP(211<T <215 K).

The structural relaxation is well documented in the poly-
urethane samples under studyit has been studied at lower
frequencies for the fully gelled samples synthesized fro
low-molecular-weight triol =1, m=700g mol %) using
dynamic light scattering, ultrasonic measurements, and dy-
namical mechanical thermal analysis. It is well described bya

a Vogel-Fulcher-Tamman-Hesse IaWAt higher frequen- 01" relaxational process is achieved when the spectra are
cies, Brillouin anq inelastic neutron scattering have beeqhe largest and the most asymmetric. This condition is ful-
used to characterize the relaxational process in several po'¥|’|led for T=329 K in the example of Fig. 2, whereas it was

urethanes samples corresponding to different cross-link derh'ot possible to reach a temperature high enough to complete

sity and synthesized from the lower-molecular-weight triol,[he conditon in the LMPU samples. As described
— 1y 16 H : H :

(m=700g mol™7). . In this paper, we will study th.e influ- elsewheré? the spectra can then be fitted using a general

ence of the cross-link density, via the parametein the  |ihaarized hydrodynamic equation, where a Cole-Davidson

SEeries OT sample_s sypthesaed from the high-molecularg;gsipytion function is used to account for the nonexponen-
weight triol. We will evidence that the paramete&rand m tiality of the relaxational process:

have different implications on the dynamics at the micro-

scopic scale. We will also make a qualitative comparison of I M* g2 -1

the relaxation times obtained by Brillouin scattering to those S(q,w)=— Im[( — wz) } (1)
obtained by inelastic neutron scattering for both series. @ p

Intensity

FIG. 1. Comparison of VV- and VH-polarized scattered light in
a HMPU polyurethane sample corresponding to a ratid.4 of
reacting groups. The spectra are plotted as a function of the fre-
quencyv= w/21r.

MEig. 2. The Brillouin spectra in polyurethanes in this tem-
erature range are broad and asymmetric. This behavior can
e interpreted in terms of relaxational modes coupled to
coustical modes. The maximum coupling of acoustic pho-

1.2 T T T T v T T
Ill. BRILLOUIN SCATTERING

Brillouin spectra were registered in five LMPU and four 10
HMPU samples, covering in both cases the whole available
range of cross-link density. The measurements were per- og
formed using a X 3 pass Fabry-Ret interferometer, follow-
ing Sandercock’s desigh. The experimental conditions are
presented elsewhet&!® We measured the signal scattered
with the same polarization as the incident light vertical-
vertical (VV) polarization. In those samples, the signal scat-
tered with a polarization different from that of the incident
light [vertical-horizontal(VH) polarizatiof and due to the
coupling of reorientational motions with the acoustic
phonons is very weakFig. 1). The temperature range of
investigation was about 200—373 K. It was not possible to o
measure at higher temperature because it could induce a dec
radation of the samples. This temperature range extends over
the (0.8—-1.45] 4 to (0.95-1.8J, depending on the sample. FIG. 2. Examples of Brillouin inelastic light scattering spectra
An example of evolution with the temperature of Brillouin taken in samples= 0.4 andm=6000 g mol ! for several tempera-
spectra in sample=0.4 from the HMPU set is shown in tures. The maximum coupling is achieved for329 K.
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FIG. 3. Evolution with the temperature of the sound velocities %
Vg (A), Vo (H), andV., (@) in the same sample as Fig.\2g is 2500 | ﬂ%‘@ 1
determined from the position of the Brillouin peak, the high-
frequency limitV,, is determined from the fit of the Brillouin spec- — %ﬁ
trum, andV, is determined from ultrasonic measurements. g 2000 | % |
, o v
with >
1500 | 1
) vZ-V2
M*/p=Vs— ——>—, (2 v
(1+iwr)Peo
_ _ 1000 : :
whereM* is the complex elastic modulus, anv and V., -100 0 ., 100 200
are the low- and high-frequency limits of the sound velocity. T-T,0C)

p is the density of the sample ands the characteristic time G "  th link densi h q
of the relaxational process which coupled to the acoustic F'C: 4 (8 Influence of the cross-link density on the soun
phonon. This method was used only for temperatures abov\é'aIOCIty Ve for bOth sets of samples, p"“ﬁ?‘" as a function of tem-
T, —10 K, where the coupling of the relaxational proceSSperature(b) Rescaling of the sound velocities By- T . The open

J ; - . ~symbols correspond to the LMPU set=0 (O), r=0.3 (A), r
\é\?tgrfgliggoustm phonon is strong enough to allow this kmdS:Ol4 (V). r=0.5 (¢), andr=1 (CI). The solid symbols corre-

d to the HMPU set.=0 (@®),r=0.4 (W), r=0.76 , and
The result of the fitting procedure yields the high- rsp;oln(‘o). € 5 (®).r ®. 1 (¥). an

frequency limit of the sound velocity.. , which can be com-

pared to the position of the Brillouin peakg. The low-  be rescaled when plotted as a functionTof Tq [Fig. 4(b)].
frequency limit of the sound velocity/, was determined So the elasticity at the hypersonic frequency scale reflects the
from ultrasonics measuremetitand was fixed for the analy- same macroscopic behavior as the glass transition tempera-
sis of Brillouin data. The sound velocityg varies from avy  ture.

regime at high temperature, corresponding to a regime where On the other hand, the sound velocity is lower in the
the characteristic time of relaxatianis such thaiwr<1,to  HMPU than in the LMPU. This can be understood by look-
aV, regime at low temperature, whesnr>1. Figure 3 pre- ing at the microstructure of the samples: in the HMPU series,
sents an example of the temperature dependence of the vilre arms of the triol have more degrees of freedom than that
locities Vg, Vg, andV,, for the same sample as in Fig. 2, of the LMPU, because they are longer; thus the material is
illustrating this behavior. The influence of the connectivity softer and its elasticity is lower.

on the sound velocity is represented in Figa)dwhere the The exponentB.p of the Cole-Davidson function does
sound velocityVg has been plotted for several LMPU and not depend significantly on the temperature, on the cross-link
HMPU corresponding to several cross-link densities. For albensity, and on the molecular weight of the triol used for the
the samples, the sound velocity slightly decreases with insynthesis. Its value is close to 0.2 for all the samples. As
creasing temperature, up to the glass transition temperaturpreviously stated® such a value can be converted to a
and then strongly decreases. For the LMPU, at fixed temstretched exponential exponent using several criteria which
perature, the sound velocity increases about 15% when can be found in the literatur@:*! The corresponding stretch-
increases from 0 to 1. The material becomes more elasting exponent would be around 0.3-0.35 depending on the
with increasing connectivity. The sound velocity in HMPU formula used for the conversion.

does not significantly vary with. This effect is correlated to The mean times deducéd) = Bp from Brillouin data on

the behavior of the glass transition temperature which doesampler =1, m=700 g mol ! above 310 K(for 1/T lower

not vary with the connectivity for this set of samples. More-than 0.0032 K 1) are in agreement with the extrapolation of
over, the velocity curves for all the samples of both sets cathe structural relaxation to high temperatures determined
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from the low-frequency measuremehts® However, at
lower temperatures, the Brillouin-probed relaxational pro-
cess splits from thex process and exhibits a nearly Arrhen- a
ius behavior in the(1-1.6)T, range and strongly diverges s ""Iﬁ;.-‘
from the a process determined at lower frequerey? Such mﬁ%é &%O OV
behavior has already been observed in many other studies - Dq& o v3
carried out by Brillouin scatterifg~2°in glass-forming lig- o A
uids. The authors of Ref. 25 attributed the relaxation probed =
by Brillouin scattering in polybutadiene to a strong coupling
of the acoustical phonon to the-bound torsional dynamics.
In the particular case of GaK ¢¢NO3) 1 4, Cumminset al.
interpreted the Brillouin-probed process as amelaxation
disturbed by the3 process of the mode coupling theory. The 62 : : : : : :

. 5 29 3.3 37
authors showed that the discrepancy betweendthelax- 1000/T(K)
ation and the Brillouin-probed process was an artifact of data
analysis due to the neglect of the proces$® However, 12.0 . . T .
none of those explanations could be extended to all the ma- b

terials in which such a discrepancy has been observed, and -
the nature of the relaxation probed by Brillouin is not eluci- %
’ %9%

10 |

-log, (<1(s)>)

dated.

Figure 5a) shows the influence of the cross-link density
for LMPU on the mean relaxation time:measured by light
scattering increases with An approximately linear behavior
is found® in the 270—370 K temperature range, which allows
us to determine an apparent activation energy slightly in-
creasing withr (E,=30-38 kJ mol'!). The values of the
activation energy are reported in Table I. In a rescaled
Arrhenius plot (logn versusT, /T), the relaxation times for 6-00'5 08 07 08 Y 7.0
all the samples synthesized from the low-molecular-weight T (K)T(K)
triol are nearly superimposed in tti&.1-1.5)Ty range[Fig. 9
5(b)]. The effect of the cross-link density can be fully de- 12.0 , . . ,
scribed by taking into account the changesTgf18 For the c
samples synthesized from the high-molecular-weight sample, I “ ]
the curves presenting the relaxation time as a function of the
temperature in an Arrhenius plot for several cross-link den-
sities are nearly indistinguishablér) seems to be inde-
pendent for the HMPUsee Fig. %a)]. Because the glass
transition temperature also does not depend on the cross-link
density, characterized by the ratiQ such behavior is in
agreement with the fact that the variation of relaxation times
is fully accounted for by changes in the glass transition tem-
peraturg Fig. 5(c)].

Moreover, the relaxation times for the HMPU are about 6.0 L L L L
10 times lower than that of the low-molecular-weight 05 0.6 0.7 0.8 0.9 1.0
samplegif one compares the fully connected polyurethanes T,(KYT(K)

As for the variations of soupd ve’l,ocny, thls_ effect can be FIG. 5. (@) Arrhenius plot for five LMPU(open symbolsand
related to the fact that the “arms” of the triol have more . .
dearees of freedom in this series of samples. so that thev ¢ four HMPU (solid symbol$ samples.(b) Rescaled Arrhenius plot

9 p'es, 9 >y qgr LMPU. (c) Rescaled Arrhenius plot for HMPU. LMPU:=0
move faster. Moreover, because they are the most _flt_exmle (0), r=0.3 (A), r=0.4 (V), r=0.5 (0 ), andr =1 (C1). HMPU:
part of the polyurethane moleculeompared to the “rigid” | _§ (®),r=0.4 (W), r=0.76 (V), andr=1 (4).
diisocyanatg they dominate the fast dynamics in the pico-
second time range.

The ratio E,/Ty, also reported in Table I, is slightly
higher for the samples made of the triolraf= 6000 g mol !
than for the LMPU. This can be related to different “space Inelastic neutron scattering spectra were measured using
filling” for two series. Indeed, in the LMPU the packing is the time of flight spectrometers MIBEMOL of LLBSaclay,
only ruled by the connectivity and can be completely de-France and IN5 of ILL (Grenoble, Frange Because of low
scribed by a percolation model. In contrast, in the high-count rates, we choose relatively thick samples, the mea-
molecular-weight triol, the arms are long enough to undergsured transmission ranged between 90% and 80% depending
entanglements, and this effect has to be taken into account on the wavelength of the measurements. Due to the high
addition to the effect of connectivity. hydrogen contents of the samples, the scattering is essen-
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IV. INELASTIC NEUTRON SCATTERING EXPERIMENTS
AND ANALYSIS
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TABLE I. Activation energy determined by Brillouin scattering 10°
and ratio of activation energy to glass transition temperature for the
two series of samples.

m Ty Ea E./Tg 10"
(gmol™1) r (K) (kd mol™1) (kImol~1 K~
700 0 220 31 0.14 E)
1 256 38 0.14 g |
® 10
6000 0 210 35 0.165
tially incoherent. Hollow cylindrical sample geometry was 10°

chosen in order to keep self-absorption as isotropic as pos-
sible. The time of flight measurements were performed with
an incident wavelength equal ta=8.5 or 5.8 A on
MIBEMOL and =5 A on IN5. The spectra were recorded Na(meV)

in 508 time .of flight channels and in about 38@e detectors FIG. 6. Inelastic neutron scattering spectra measured by
corresponding to 63 angles for MIBEMO(1000 detectors  \jigemoL (LLB, France on the high-molecular-weight fully
and 90 angles for IN5 For both experiments the data were gejied sample for several temperatures, plotted in a log-log scale for
grouped into about 10 detectors groups, spread over of 3°g scattering vecto@=1.2 A~L. The spectra are normalized to their

6°. The experimental conditions are reported in Table Il.  maxima. The solid line represents the 10 K spectrum, plotted to
The conversion of the data into a dynamic structure factoghow the resolution.

S(26,w) and the subtraction of container scattering were
straightforward. The spectra were normalized to a vanadium As the quasielastic broadening due to the relaxation is of
standard. The spectra are then corrected from the Deby#he order of the instrumental resolution wid# few tens of
Waller factor(determined from backscattering measuremenu.eV), the analysis of the time of flight data recorded on
on the IN10 spectrometer using the procedure defined in ReMIBEMOL is performed using Fourier deconvolution of the
27) and from the Bose factor. The functi®{26,w) is un- measured spectra and fitting procedure in the time domain.
physical because a constant detector anglel@es not cor- The time correlation functios(Q,t) is calculated from the
respond to a constant scattering ved@rQ is given by the  Fourier transform of the data after interpolation to constant
conservation law of momentum transfer: Q values. The accessibl® values are given by Eq.J).
Moreover, the available energy range depends onQhe
om 12 value. The intermediate scattering functi®fQ,t) being cal-
Q= —2[2Ei—ﬁw—ZcosQB\/Ei(Ei—hw)]} , (3 culated from the Fourier transform & Q, ) can be evalu-

h ated only if the frequency spectrum includes the elastic chan-
nel «=0. This imposes severe restrictions upon the
accessible energy and momentum transfers. For MIBEMOL
experimental conditions, this condition leads to a maximum

; . energy rangé o< 6 meV and 0.6Q<1.3 A~ when\ is
Figure 6 shows an example of Bose-scaled dynamic SUGset 1685 A andiw= 15 meV and 0 Q<19 A-* when
tre factor S(Q,w) interpolated at constan@ value Q A=5.8 A. For IN5 experimental conditiong is in the 0.9—

- -1
=1.2 A~1) for several temperatures across the glass transal A~1 range withiw=< 15 meV. The spectra are then

'|[_||0|\;|1Ptjempera':ure _nieasu_r%(?)og the ﬁ(l)mpletelyd cotr)llnecte ymmetrized using detailed balance conditions to avoid trun-
sample (=1, m= g mol™), in a double- cature effects at zero frequency. The Fourier transform is

logarithm scale, to evidence the low-frequency part. Thecalculated using a discrete Fourier transform algorithm, tak-

spectra are normalized to their maxima. The dominating fea]-ng into account the limitation of time range required by

ture of the spectra at low temperatures is the "boson” peakyyqis¢s theoren?® The Fourier transform of the experi-
around 2 meV. This contribution arises from vibrational mental spectrum is divided by the Fourier transform of a
modes. At higher temperatures, a quasielastic broaden'n%w-temperature spectrurl0 K) in order to deconvolute

whose intensity increases faster than the Bose factor, sets iﬁ'om the resolution function. It has been previously shfwn
This broadening is characteristic of a relaxational process. that, in our samples, a de.convolution from the vibrations

following a procedure described in Ref. 12 yields very small
differences between the deconvoluted Fourier transform ob-
tained by both methods. The two methods differ only for the
highestQ values(aboveQ=1.6 A1) and the shortest times

wherefiw is the energy lost by the incident neutronjis the
neutron mass, anl, =#2/2mA? is the incident energy of the
neutrons of wavelength.

TABLE II. Experimental conditions used for the experiments:
incident wavelength\ of the neutrons, energy resolutiagit, and
range of elastic wave vectosQ and of scattering anglesé.

. 1 (below 4x10 '3 s). In the conditions where the differences
Experiment ) (A) OE (ueV) AQa(A™Y Ao occur the result of the method of Ref. 12 gives very slightly
MIBEMOL 8.5 35 0.3-1.13 11-128.7° higher = values. However, this procedure neglects the tem-
MIBEMOL 5.8 110 0.44-2 11-128.7° perature dependence of the vibrational contributi@udten-

IN5 5 100 0.24-2.26 23.5-141.8° ing of the boson peak with increasing temperatuaed thus

cannot produce quantitative correct values. Because in the
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b FIG. 8. Example of fits of the Fourier transform by a stretched
06 k i exponential with exponens fixed to 0.28. The Fourier transforms
are calculated from time of flight data registered on MIBEMOL
05 L | with A=8.5 A and interpolated a@@=1.2 A~ on sampler =0.6,
prepared from the triol of molecular weight=700 g mol !. The
= 04 . fits are shown for several temperatures above the glass transition
<] temperature: 254 KV), 293 K (¢), 323 K (), and 363 K Q).
" 03 4
02k | exponential law(also called the Kohlrausch or William-Watt
function) S(Q,t)=S(Q,t=0)exd — (t/7)Pww] in the 250—
01 . 373 K temperature range. The mean relaxation time is cal-
culated from the parameters of the distribution function us-

0.0 &

e P e 1070 ing the relation{7)=7T"(1/Bxww) Where I" denotes the

1(s) gamma function. Since the dynamic window of individual
spectra is restricted to less than two deca@b®ut one and
FIG. 7. Example of Fourier transform of time of flight data on a half forA =8.5 A), three-parameter fitting procedures yield
MIBEMOL as a function of temperature, showing the error barshuge error bars and inconsistent parameters. We assumed a
and the time domain of the Fourier transfor@ A=5 A for  time-superposition temperature i.e., we used a temperature-
sampler =1 in the LMPU set at 350 K, 20=0.9 A™* (®) and  independent paramet@yw. The exponenBiww of the
Q=2.1A"! (O). (b) \=8.5 A, for the LMPU corresponding to  stretched exponential has been determined by performing
r=0.6at353KaQ=09A"" (@) andQ=13 A" (O). systematic tests with fixe@w values. The best simulta-
neous fits of all the spectra related to one given sample in the
frequency space the accessible energy range depends on thieole temperature range are obtained witB.a, exponent
scattering vector value, in the time-space the minimum timeequal to 0.28+ 0.02. This value is rather close to that of the
value also depends of. Examples of the scattering law stretched exponential exponent obtained from the conversion
S(q,t) is shown in Fig. 7 for one measurement carried outof the Cole-Davidson exponent deduced from the analysis of
with =5 A [Fig. 7(a)] and one witth =5 A [Fig. 7(b)], for ~ Brillouin data in polyurethanes. However, the quality of a
the two extreme) values. On the long time sid&(q,t) has  single temperature fit is not very sensitive to the value of
to be cut off above 510 1! s for A\=8.5 A and above Byww. at least for the highest-temperature spectra. Rather
2x10 s for =5 A due to high errors bars at long times good fits can be achieved within a certain rangegfyw.
(see Fig. 7. Finally, the range in which the Fourier transform Examples of fits at several temperature values for data mea-
can be calculated is reported in Table IlI. sured withh=8.5 A~ for sampler =0.6 of the LMPU set
In our polyurethane experiments, the Fourier transform ot Q=1.2 A~* are shown in Fig. 8 for several temperatures
the time of flight data does not demonstrate a two-step beabove the glass transition temperature. In Fig. 9 is plotted the
havior, with a Debye process in the 18 ps range, as pre- logarithm of the relaxation time for sampte=1, m=700 g
viously reported in other sampf@sand predicted by the mol~! at several temperatures in the 238—363 K range as a
Ngai coupling model. The scattering law in the full time function of the momentum transf€ in a linear-logarithmic
range and at ever@) value can be well fitted to a stretched scale. The results include data obtained using two distinct

TABLE IIl. Available-time range for the Fourier transformt(Q,,) and At(Q.) indicate the time
ranges accessible for the minimum and maximum scattering ve@igr, &nd Q.. respectively.

A (A) Qmin (Ail) At(Qmin) (S) Qmax (Ail) At(Qmax) (S)
5A 0.9 510 1-2x10"1* 2.1 10 B-2x1071*
8.5 A 0.9 7<10™B-5x10™ 1 1.3 3x10 B-5x107 1
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Q. The measurements were carried out on IN5 with5 A (open "nr o o
symbolg and MIBEMOL A =5.8 A (solid symbol$ in a wide tem- o ® o, 10 g
perature range. @ {2 E
experiments(IN5 with A=5 A and MIBEMOL with \ ¥y | 5
=5.8 A). They are presented f@ ranging from 0.9 A'* to s 5| N
2.1 A~ The curves are reasonably linear with approxi- © 1-6 R
mately the same slope: this means that the behavierasfa I 3¢ =
function of Q is almost independent of the temperature in the i1 1-8
temperature range of the measurements and within the ex- -10
perimental uncertainty. The fact that th@ behavior of -1 :
7(Q,T) is almost independent of the temperature in the tem- 25 3.0 1000”.1(32) 4.0
perature range of the measurements implies tH@. T) can
be factorized into a temperature-dependent ta() and a 1 —_— .
Q-dependent termr(Q). As can be seen in Fig. 14, a ¢
master curver(Q) can be built by shifting ther(Q) values
in the logarithmic scale towards the reference val(@,Tg) 7N
whereTg is a temperature reference in the range of measure- ¢ 10 1
ments. =1
The coefficientsa(T) which allow us to achieve the mas- l’s
ter curve are shown in Fig. 10). This coefficient gives the o
temperature dependence of the relaxation time determined by © ° [
neutron scattering. The Brillouin determination of the relax- 1
ation time and thex process determined from low-frequency
determination are also plotted for comparison. This figure S o
shows that Fhe process which contributes to the inelas_tic_neu- 80,8 1 12 14 16 18 20
tron scattering has a temperature dependence very similar to Q@A™
that of the Brillouin process. Both processes deviate from the
a process for low temperaturgsorresponding to 1000/
>3.2).
The obtained “master curves” are shown in Fig(ddfor FIG. 10. (a) Master curve7(Q) for sampler=0.4, prepared

several samples. This figure shows that the variatiorr of from the triolm=700 g mol ! at a reference temperature 250 K.
with the scattering vector in the 0.9—-1.9 Arange is similar  The solid line is a linear regression showing @e" dependence of

for several samples corresponding to various cross-link denne relaxation time¢r) with n close to 4. The values 0f(Q) are
sities and synthesized from the two triols. Linear regressiongiotted for 250 K @), 273 K (A), 302 K (), 310 K (A), 321 K
of logr versus lo§ give slopes ranging from=4.0=0.5 (V¥), 350 K (¢), 363 K (M), and 373 K @). (b) Temperature
for the LMPU withr=0.4 ton=4.7+0.5 for the HMPUr dependence of the coefficients used to build the mastef a(dt),
=0. The values of exponents are given in Table IV. To plotted asO, vs 1000f]. Comparison with the logarithm of the
summarize, the wide set of data is consistent withr a relaxation times obtained from Brillouin scatterin®@) and from
«Q~" law with n=4.3+0.8. A similar behavior has already the low-frequency techniques for the process(solid line). (c)
been found by previous inelastic neutron studies in the sam@imilar master curve for several polyurethanes. The open symbols
frequency range in polyinyl methyl ethef and in polydi-  correspond to the LMPU set:=0.4 (V), r=0.6 (>), andr=1
methyl siloxang?®~31 SuchQ behavior is sometimes attrib- (). The solid symbols correspond to the HMPU:0 (@) and
uted to structural relaxatioff. r=1(¢).
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TABLE IV. Exponentn of the power lawrecQ ™" derived from the linear regression of the master curve

7(Q) vs Q for all the temperatures is reported for the six samples studied by time of flight, together with
the range of temperatuigndicated by the corresponding rafidT,) where the linear regression has been

performed.

m (g mol™1) 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 14 -1.7 1-1.6 1-15 1-1.4
n 4.7+0.7 45-04 4.6-0.7 4.0:05 4.7+0.5 4704

In the range of measurements, the temperature depemolecular-weight triol(the relaxation time for sample=1
dence is compatible with an Arrhenius behavior. Figure 1lis about 3 times higher than fore=0). As a consequence, the
shows the Arrhenius behavior for fully connected LMPU for relaxation times deduced from neutron scattering are not su-
several values of the momentum transfebetween 0.9 and perimposed as plotted versilig/T for HMPU samplegFig.

2.1 A~ The curves are nearly parallel; the activation en-13). The superimposition is neither achieved for the samples
ergy does not significantly depend on tQevalue. For this synthesized from the low-molecular-weight triol: the ampli-
sample, a linear regression of the relaxation time for onéude of the effect on logis higher than the variations of the
given scattering vector is between#@ kJ mol™! and 49  glass transition temperature.

+1 kJ mol~! depending on th€ value. A linear regression

of all the data points at the sa_rrle time for the same sample V. DISCUSSION
gives a valueE,=45+5 kJ mol™ -
This behavior(activation energy independent €J) is We have presented inelastic ligkBrillouin) scattering

similar for all the samples. The activation energies obtainednd inelastic neutrottime of flight) scattering measurements

by linear regression over the relaxation times determined foin two series of polyurethane samples. In each series, the

all the Q values at the same time are given in Table V forcross-link density is varied by changing the ratiof two

several samples belonging to both series. The activation emconstituents: a triol and a diisocyanate. The two series differ

ergies are aroun&,=47+5 kJmol ! and do not depend by the molecular weight of the initial triol, which changes

on eitherr or m, within the experimental accuracy. the length between cross links. Those two parameters change
The relaxation times measured for all the samples by inthe microstructure and their influence on the relaxation time

elastic time of flight neutron scattering wi=1.2 A~* are s tested.

shown in an Arrhenius plot in Fig. 12. The relaxation time

exhibits the same variations with the parameteesxdm as A. Q dependence of neutron scattering data

does the time deduced from the inelastic light scattering data. , ) , ) .

The characteristic time for the relaxational process increases '”E|_a5t',? neutron scattering gives access, in addition to the

with increasing for the LMPU samples and decreases with classical” temperature depen_dence, to the variations w_|th

increasingm, of about one decade. Nevertheless, there is &10ther parameter: the scattering vector. The relaxation time

difference between the two techniques: using neutron scaflécreases with increasin@, following a Q™" behavior,

tering, the relaxation time slightly depends on the cross-linkvheren is close to 4. This behavior implies that the Gauss-

density for the series of sample synthesized from the highi@n @pproximationi{=2) does not hold for the polyurethane
samples; this result is contradictory to what was found for

. r r several other polymer€. A Q * law was predicted by de

oofo.séj‘ Gennes for the incoherent scattering of a Rouse chaint
"y Eg;::;/i" 1 this model applies only for very small scattering vector
o 00=1.54 "1 (about 103 A1),
~ Other authors mentioned that if the Gaussian approxima-
@ o | tion holds, thenS(Q,w)xexd—QXu*(T))] and S(Q,w)
v 2 xexp(— At awQMww)  where A is a constant, so that
=2 nBrww=232 Then, the displacement of the scattering cen-
o NW . e
_? , N ters is independent @ and governed by sublinear diffusion
TABLE V. Activation energy determined from the neutron time
L] of flight measurements.
52_5 3.0 35 4.0 45 m=700 g mol! r=0.4 E,=44.5-4 kJ mol!
1000/T(K) r=0.6 E,=47.5+1 kImol !
r=1 E,=45*5 kJ mol !
FIG. 11. Arrhenius plof —log({7)) vs 10007] for the sample
r=1 from the high-molecular-weight set.is determined from the m=6000 g mol * r=0 E,=51.5+2 kJmol !
fit with a stretched exponential of the Fourier transform of the time r=0.8 E,=46+2 kJmol !
of flight data recorded withh=5 A, for several scattering vector r=1 E,=51+2 kJmol !

values ranging from 0.9 Al to 2.1 A~
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V¥ m=700 g mol ™ r=0.4 —
11+ [>m=700 g mol” r=0.6 ] 1+ Vm=700 g mol’ " r=0.4 |
< O m=700 g mol™ r=1 ° P>m=700 g mol’" r=0.6
® m=6000 g mol”' r=0 Om=700 gmol”" r=1
— «Am=6000 g mol' r=0.8 . @ m=6000 g mol”" r=0
A © m=6000 g mol ' r=1 — V>< <4m=6000 g mol”’ r=0.8
m A Oe ¢ m=6000 g mol' r=1
< 9t 1 g 9t a 1
\'J \J B>
= % * e
S g o%
T 7 . I . l
Vit
o o
1 1 1 5 1 1 1 1 1
25 3 3.5 4 4.5 0.5 0.6 0.7 0.8 0.9 1.0 1.1
1000/T (K) T(K)IT(K)
FIG. 12. Mean relaxation times f@=1.2 A~* derived from FIG. 13. Rescaled Arrhenius plot Idgf) vs T/T, for the relax-

inelastic neutron scattering presented in an Arrhenius plot for threation times deduced from the time of flight data for all the samples,
LMPU and three LMPU samples. The dotted lines are guides foplotted forQ=1.2 A=,
the eyes.

nigues are not expected to reveal the same scattering behav-
ior. Coherent scattering is expected to probe correlated mo-
Sn’ons, whereas incoherent neutron scattering is mostly
sensitive to individual motions of hydrogen atoms. Neverthe-
less, in Brillouin scattering, the coupling with relaxational
'Mhotions is indirect, so that we probe the correlated thermal
Fotions which result in an acoustic phonon, but the relax-
ational motions coupled to the phonon are not necessarily
correlated.

X ; However, though the scattering vectors of the two tech-
— (a/ab
=(6/Q7)In[1/5(Q,t)] whereb< 2 is determined as the ex- 465 differ by three orders of magnitude and one is a co-

ponent for which the curves (@F)IN[1/S(Q,1)] are super- aran technique whereas the other one is incoherent, there

imposed for every.** In polyurethanes, this analysis yields ;¢ very strong analogies between the relaxations times
b=0.7 which confirms the non-Gaussian behavior3Ayw probed by the two techniques.

value can also be determined from the slope of the curves
(6/Q)IN[1/S(Q,t)] in a log-log plot. This procedure yields
Brxww=0.2, slightly lower than the value determined from

[(u?(T))octPww], Such behavior was observed in several
polymeric glass-forming systems. In polyurethane sample
this relation is not fulfilled: we obtaimBxww=1.3—1.6,
even if the exponenBxww is varied within the range of

the Gaussian behavior. Such a result was also found for p
lybutadiene and polyisopropylefi@Nevertheless, the calcu-
lated time dependence was similar for all tQevalues in-
vestigated and the behavior found can be writtenf @3

2. Dependence on the microscopical parameters

the best fits. First, the relaxation times determined by both techniques
are in the same range. Second, they are both sensitive, in a
B. Comparison of Brillouin and inelastic neutron results similar manner, to changes of the connectivifgriations of

r) and to changes of the length between cross links without
changing the connectivitfvariations ofm). As already men-
The Q dependence law of the relaxation time determinedioned, the relaxation time increases when the cross-link den-
by time of flight is very strong. Hence, if this law would be sity increases and decreases when the lengths between cross
extrapolated to the scattering vector of Brillouin scattering,link increase; this behavior can be understood by assuming
assuming that both technigues probed the same process irthaat the dynamics could be dominated by the movements of
similar fashion, it would give a very long time scale for the “arms” of the triol. Increasing the ratio of the reacting
Brillouin scattering, different from the result we obtained. It groups and decreasing the molecular weight of the initial
is highly improbable that the observe@ dependence for triol are two different ways to decrease the mean distance
neutron scattering can be extrapolated over three decades @bng the chains between cross links, i.e., the length of the
Q. Moreover, theQ dependence is expected to be differentchains of triol connected to each other by urethane bonds.
for both techniques because, in the polyurethane samples, tAde urethane bounds cannot contribute to the relaxation be-
inelastic neutron measurements are dominated by the inceause the observed process is already present in pure triol
herent scattering of the hydrogen atoms, whereas the Briwith sensibly the same activation energy. Both effe@ts
louin scattering is a coherent scattering. Tpedependence increase of and a decrease af) cause an increase of the
of coherent and incoherent scattering in the s@m@ange is  relaxation time. However, the two parameters have slightly
expected to be very different because the coherent scatterirtifferent influences. The effect of is of the same amplitude
vector dependence is modulated by the elastic structure fafer the two technique$whatever the scattering vector value
tor. However, at the spatial scale of Brillouin scattering,is): about one decade for the fully connected samples, de-
there is no particular feature in the elastic structure factorcreasing with decreasing. In addition, this effect is not
On the other hand, because of their coherent character f@mompletely explained by the variations of the glass transition
one and incoherent character for the other, the two techtemperature. As a matter of fact, in Brillouin scattering, the

1. Wave-vector dependence
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two sets of samples correspond to a different ré&jdT, . of the rotation of a CH or a small lateral groufless than 15
By inelastic neutron scattering, the accuracy in the determikd mol~1); the conformational changes are usually charac-
nation of the activation energy is not good enough to claimterized by activation energy below 10 or 20 kJ mbf®3°
that the two series correspond to different ratios of activatiorThus, the entity involved in the relaxational process respon-
energy to glass transition temperature, but the data corresible for the inelastic neutron scattering and which coupled
sponding to two samples, each synthesized from a differenb the acoustic phonon is of an intermediate size, involving
triol, are clearly not superimposed. The effectroflepends something more difficult to move than a lateral group or a
on the technique and is completely taken into account by theingle C—C bond. We estimate that this entity includes at
macroscopic effect of the glass transition temperature for théeast three or four carbon atoms. The relaxational process
relaxation times determined using Brillouin scattering. How-studied in this paper is a semilocal one.
ever, the relaxation time probed by inelastic time of flight
neutron scattering is more sensitive to the cross-link density
than by Brillouin scattering. Several explanations can be sug-
gested for a difference in behavior between the relaxational |n conclusion, the relaxation times determined using both
process probed by both techniques. techniques are of the same order of magnitude; their varia-
First of all, one possible difference comes from the dif-tions with either the microscopical parametéte cross-link
ferent energy ranges investigateft is equal to a few meV  density and the length between cross links the physical
for the time of flight whereas w is about a fewueV forthe  ones(like the temperatupeare very similar, and thus they are
Brillouin scattering. very likely to probe the same relaxational process. The dif-
Second, as already pointed out, the two techniques probferences between the times obtained from the two techniques
very different ranges of wave vectoR is equal to a few (in the sensitivity to the cross-link densitarise from the
A~ for the neutron scattering where@=1x10"% A~!  techniques and the mechanism through which the relax-
for light scattering. Consequently, they are sensitive to theational process is probed. On the other hand, the process
relaxation process at a very different spatial scale. Inelastiprobed by inelastic light and neutron time of flight departs
neutron scattering is a more local technique than Brillouinfrom the structural relaxation. Hence, the two techniques evi-
scattering; it is more sensitive to the microstructure and talenced a secondary relaxation. Most studies carried out in
the presence or the absence of cross-link points. At the larggiolymers with time of flight experiments report a two-step
scale probed by Brillouin scattering, much larger than theregime with a Debye-like process below 1% s and the
distance between cross links, the effect of cross links istructurala relaxation process in the 16—10° s range,
likely to be smoothed by an effect of spatial averaging. i.e., in the main part of the time range available by the time
A third reason for the differences arises from the fact thaof flight technique. The latter corresponds tQalependence
the coupling of the relaxational process to light scatteringcorresponding t&Q " with nBxww=23212**In poly(vinyl
occurs in an indirect fashion, via the coupling of the relax-chloride), the Debye process was attributed to fBeelax-
ation with an acoustic phonon which modifies the scatteringtion of the mode coupling theory and was found to be dif-
of light by this acoustic phonon. In this case, the scatteringerent from the B process measured by dielectric
vectorQ corresponds to the scattering vector of the acoustigpectroscopy® In some cases, a crossover between dhe
phonon and not to that of the relaxational excitation. ThUSproceSS and thﬁ process was evidenced using mode cou-
this suggests that the acoustic phonon can couple to excitgiing analysis’’ ~°However, in the polyurethanes, the inter-
tions of various scattering vectors and it can be sensitive to ghediate scattering function does not exhibit a two-step be-
broader distribution of relaxing entities. As pointed out in havior and the whole set of data could be fitted using only
Sec. 1V, the inelastic neutron spectra can also be analyzeghe memory function in the whole time, temperature, and
with slightly larger values of3xww-. This gives another ar- scattering vector range.
gument in favor of a possibly larger time distribution ob-  To summarize, we evidenced a secondary relaxation in
served by Brillouin scattering than that probed by inelasticpolyurethane by inelastic light scattering and inelastic neu-

VI. CONCLUSION

neutron scattering. tron scattering. This result is in contrast with the results of
previous measurements, with similar experimental condi-
3. Temperature dependence tions, in many other polymer&.Indeed, we probed a sec-

The third analogy between the relaxation processeendary (3) process instead of the process evidenced in
probed by the two techniques lies in their very similar tem-other polymers in this range of time and temperature. This
perature dependence. The relaxation processes probed pyocess has an activation energy of about 35-50 kJ Mol
both techniques strongly deviate from the low-frequency delarger than the usual values of activation energy for second-
termination of thex process. The coefficiet(T) represent- ary processes evidenced by other techniques. The relaxing
ing the temperature dependence of the relaxation time dete@ntity contains about three or four carbon atoms and belongs
mined from time of flight measurements and the relaxatiorio the arms of the triols.
time measured from Brillouin scattering have very similar
variations with the temperature. Both quantities exhibit a
nearly Arrhenius behavior in the range of measurements. The
activation energies deduced from the two techniques are of We are grateful for the facilities given by the ILL at
the same order of magnitude: about 35-50 kJ™olTo  Grenoble and the LLB at Saclay for neutron scattering mea-
figure out what kind of relaxing entity could correspond to surements, as well as for the help of H. Casalta and R. Kahn
such energy, we compared this value to the activation energfpr the measurements.
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