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Decoupled Dynamics and Quasi-Logarithmic Relaxation in the
Polymer-Plasticizer System Poly(methyl methacrylate)/freresyl
Phosphate Studied with 2D NMR
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ABSTRACT: Studying the dynamics of the polymseplasticizer system poly(methyl methacrylate) (PMMA)/
tri-m-cresyl phosphate (TCP), we find pronounced dynamic heterogeneities for the additive TCP with one- and
two-dimensionaf!P NMR spectroscopy, whereas the dispersion of the dynamics of the polymer PMMA, studied
simultaneously wittPH NMR, remains essentially unchanged upon addition of the plasticizer TCP, despite a
large decrease in the correlation time. TCP molecules reorient isotropically even in a rigid polymer matrix at
temperatures well below the glass transition of the plasticized PMMA. Taking advantage of the very large time
window accessible with the stimulated echo technique fof#@ucleus, we show that the orientational correlation
functions of TCP change from Kohlrausch decays for pure TCP to quasi-logarithmic decays in the mixture,
which resemble those from recent simulations with a bead-and-spring model [Moreno, A. J.; Colmeaero, J.
Chem. Phys2006,124, 184906]. Two-dimensional spectra for TCP show that the dynamic heterogeneities of
the plasticizer are transient in nature.

1. Introduction fast component in a polymer ble#te® found a very unusual,
highly stretched, relaxation with no discernible relaxation plateau
'separating fast and slow dynamics. Decreasing temperature led
to a convex-to-concave transition of the correlation function with

a quasi-logarithmic decay for intermediate temperatures. The
authors interpreted this behavior as a signature of the confine-
ment of the fast component in a slow matrix in addition to its

Binary glassy systems, such as polymer blends, copolymers
or plasticized polymers, open the door to an almost unlimited
fine-tuning of material properties. For example, a polyurethane
poly(ethylene glycol) block copolymer is behind the stretchy
sports fabric well-known under the trade name Spandex, car

tires are made of a butadienstyrene copolymer, and phthalate =" " . .
y POty P kinetic arrest by neighboring molecules of the same Rit§,

plasticizers soften poly(vinyl chloride) for upholstérlock ing that. in addit he d ich itv of
copolymers even offer a feasible path to holographic data storagesuq(-:]es‘tlng that, in addition to the dynamic heterogeneity of one-

systemg.Because of their widespread use, the dynamics of thesecomponent systems, _these blna_ry glassy _systems a_Iso exhibit
binary glasses is of great technological importance for issuesstructural heterogene!t!es. A lattice model |ncorporat|ng Fhese
ranging from their processing behavior to material fatigue and s'gruc_turgl heterogeneltles has be_ren_used to explaln a bimodal
even the diffusion of the plasticizer di(2-ethylhexyl) phthalate distribution of the diluent dynamics in an experimental study
(DEHP) out of children’s toys and medical supplies. on plasticized polycarbonaté.

The dynamics of polymer blends, block copolymers, and Quas_l-logarlthmm d_ynamlcs were reported for a number of
plasticized polymers are significantly more complex than those theoretical and experimental studies of binary systems. Loga-

of homopolymers. For example, depending on the difference rithmic relaxation functions were found in simulations of
in the glass transition temperatufi, of the two components, kinetically constrained glass model systei;2éwere observed

very broad or bimodal spectra are observed in dielectric IN Neutron scattering experiments in polymer blefftisnd are
spectroscopy; ® glass transitions are either broadened or show /S0 predicted with higher order transitions within mode
two steps in calorimetric measuremehti and NMR relaxation  coupling theory for short-range attractive colloftis/ery slow,

time scales broaden significarfti#—16 (for reviews see refs 17 logarithmic, decays were even observed in the loss of macro-

and 18). As a consequence, pronounced dynamic heterogeneitie§C°pi_° orientational order in the holographic data storage systems
are typical for these systems and were observed even in binarymentioned abové.

low-molecular-weight glass€g5-18 Often, the frequency In this paper we describe detailed nuclear magnetic resonance
temperature superposition principle fails in these systems. (NMR) experiments on a binary glass-former, poideuterated
Concentration fluctuatiod® 2! and self-concentration effedtg3 methyl methacrylate) (PMMA®), plasticized with trim-cresyl

due to chain connectivity in combination with decoupled Phosphate (TCP), two components with very different glass

dynamics of the two componef#@4were proposed to explain  transition temperatures. Wit and3'P NMR we can follow

this broadening on a molecular scale. the dynamics of both components individually in the same
Pure glass-forming liquids typically show two-step correlation Sample and compare the results to the behavior of the pure

functions with clearly distinguishable fast and slow relaxation components. (Details of the experiments on pure TCP were

contributions. However, applying a bead-and-spring model, Published previously!) The relaxation of TCP changes from

recent numerical simulations of the correlation function for the Kohlrausch decays for pure TCP to quasi-logarithmic decays
in the mixture, which resemble those from simulati6h®Wwe

. . . are able to monitor the extremely stretched relaxation of TCP
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decades in time, which is significantly larger than the time The factor in angle brackets represents the orientational cor-
window accessible withtH NMR in most cases. With one- and  relation function F {"(tn), and the exponential term is a
two-dimensional NMR spectroscopy, we show that the dynamic damping factor caused by NMR relaxation effects. For3ire

heterogeneities of the plasticizer TCP are transient in nature nucleus,T; is given by the spirrlattice relaxation timeT; (with

and occur even in an essentially rigid matrix of PMMA. B, = 1), and for the?H nucleus by the quadrupolar relaxation
time constantTiq, with 5; < 1. This damping represents an
2. NMR Background upper limit for the accessible time window in stimulated echo

2.1. 1D SpectraThe NMR frequency depends on the angle experiments. The slow and exponential sgattice relaxation
0, between the principal interaction tensor axis and the magnetic of the 3P nucleus allows to follow the correlation loss of TCP
field direction: over 8 orders of magnitude in time, fromu& to 100 s, while
the much shorter quadrupole relaxation time of dHenucleus
w(8,) =9,/2(3 co$ 0,—1) (1) limits the measurements in PMMA to a maximum mixing time,
tm, Of about 10 ms.
whereaw(6;) is the shift of the resonance frequency with respect  The orientational correlation functiok $"(ty)can be nor-
to the Larmor frequencyw.. The parameted, specifies the malized according 8 P
anisotropy of the interaction tensor, which is given by the
chemical shift anisotropy (CSA) in the case’®#?. For’H NMR singe
in PMMA-ds, rapid rota?i)(;rg of th)e CBgroups reduces the rigid- Ftp () =1~ F”(tp)]d’tp(tm) R )
lattice spectral width as determined by the quadrupole interaction
tensor by a factor of about 3. Both interaction tensors are axially where ¢ (tn) denotes the normalized relaxation function,
symmetric. Since’H is a spinl = 1 nucleus, two NMR describing the loss of correlation caused by the motional process,
frequencies are observed @at= w. + w(#,), leading to a while Fu(ty) stands for the residual correlation which does not
symmetric spectrum, whereas the CSA powder spectrum isrelax. The value of the latter quantity depends on the geometry
asymmetric. FoPH NMR the principal interaction tensor axis  of the reorientational mechanism and is well documented for
corresponds to the ©CDz bond in PMMA-ds, while for 31P the isotropic motion encountered in this wdik.
NMR it is given by the symmetry axis of the R@ntity in the In the case of isotropic reorientation, for short delay times,
TCP molecule. In samples with an isotropic orientational t,, the residual correlatioR«(tp) approaches 0, and the normal-
distribution of immobile molecules (e.g., glasses), eq 1 leads ized correlation functiong (tm), approximates the frequeney

to a characteristic powder spectra; in the cas#HoNMR one frequency correlation functiond (0)w(ty)O

finds the famous Pake spectrifThese broad solid-state

spectra require measurements with an echo-pulse sequence, in lime, (t,) O (O)w(t,) 0 Fyt,) (5)
particular a Hahn echo fé#P (I = /,) and a solid-echo fotH L0

(1=1).

Upon heating above the g|ass transition temperature, acce]erWhiCh is proportional to the orientation correlation function of
ated isotropic reorientation shortens the correlation time,  the second Legendre polynomi&h(tm), via eq 1. For the pure
leading finally to a continuous collapse of the powder spectrum components as well as for PMMA in the binary mixture with
line shape into a central narrow line for many pure glass-formers. TCP we approximate the correlation functién(tm) with a
In contrast, in binary glasses the distribution of correlation times, stretched exponential function (Kohlrausch decay):

G(In 7), is broader, in particular for the more mobile component,

and one observes a superposition of a liquidlike Lorentzian Fo(t,) = exp(—(tm/rK)ﬁK) (6)
spectrum and a solid-state powder spectrum with temperature-

dependent weighting facto?d#-18 This superposition is often
referred to as a “two-phase” spectrtindespite the fact that
the mixture is homogeneous and not phase-separated. In thi
case the contributions to the spectrum from molecules with _
intermediate relaxation times,= 1/,, can be neglected, and © = 1 L(1B)IBk (1)
only the spectra for the fasS((w), T < 1/6;) and slow o _

(Srowde®), 7> 1/0;) motion limit need to be taken into account. WhereI'(x) signifies the gamma function.

The total (solid-echo or Hahn-echo) spectrum can simply be  2.3. 2D Spectra.A two-dimensional (2D) NMR spectrum,
written Sw1,w2;tm), measures the conditional probabiliB(w2,tm|w1,0),

to find a frequencyw; at timety, if it was w; at timet = 034
Sw;T) =G o (@)WMT) + Spowde,(w)(l —WT)) (2 Thus, 2D spectra provide a direct visualization of the evolution
of the reorientation process. As in the stimulated echo experi-
whereW(T) is a temperature-dependent weighting factor chang- ments, three-pulse sequences with a mixing tirge, are
ing from zero to one as the distributig(In 7) shifts toward  applied* to determine the 2P spectra (cf. Experimental
shorter correlation times upon heating. Section).

2.2. Stimulated Echo ExperimentsQuantitative information For a broad distribution of correlation timeS(In 7), a 2D
about the reorientation dynamics can be gained from stimulatedspectrum can in the slow motion limit be described as a weighted
echo experiments. A three-pulse echo sequence is applied (cfsuperposition of a diagonal spectrufgia(w1,w2), representing
Experimental Section), and the echo amplitude is monitored asimmobile m0|ecu|e5, and a Spectrum caused by Comp|ete
a function of the mixing timety, for a constant delay between  isotropic reorientationSedw1,w>) (Figure 1). For orientational
the first two pulsest, (evolution time). The echo amplitude  relaxation through random orientational jumps the “two-phase”
reads decomposition into the subspec®ga(w1,w2) and Sedw1,w2)

) . 5 holds independent of whether the distribution of relaxation times,
I(tm,ty) U Bin(@(0)ty) sin(w(t,)t) Lexp(t./T,)™) (3) G(In 7), is broad or not® With pgia(tm) and predtm) denoting

The mean correlation time;,, depends on the time constant,
SrK, and the stretching parametgi, according to
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Figure 2. Molecular structures of tnn-cresyl phosphate (TCP) and
poly(a-deuteriomethyl methacrylate), PMMds:

Immobile Reorientation spectrum can be described with a superposition of four sub-
. | spectra, namely Siia(w1,w2), Sedw1,w2), So(wiwz), and
' T Selw1,wp) 8141718
!l I ‘ S@1,05itm) = Poialtn) Siilw1.02) +
| ll. ! \ preo(tm) Sreo(wl’wZ) + pLor(tm) S_or(wlva) +

AN T pex(tm) Sex(wl!wz) (12)
€ . N

with pdia(tm) + preo(tm) + pLOF(tm) + pex(tm) =1

Exchange 3. Experimental Section

Liquid

Figure 1. Calculated subspectra used to reproduce thé’2INMR In this paper we investigate the dynamics of a sample of poly-
spectra measured for TCP mixed with PMM#- Sy(w1,wz) 2D (a-deuterated methyl methacrylate) (PMM#A) plasticized with

spectrum for immobile molecules & t, top left); Sedw1,wz): for - : .
slowly reorienting molecules t{ > © > Lidesa top right); tri-m-cresyl phosphate (TCP) (Figure 2) at a TCP concentration of

So(w1,w2): fast reorienting molecules  1/6csa, bottom left); and 50.1% (w/w). Ilhe dynf?lmics of the fast component, TCP, are
S{wn,ws): for exchange between fast and slowly reorienting molecules. Monitored with* NMR; PMMA-ds, deuterated at the-methyl

The frequency range depicted extends over 54 kHz along both axes.group, is used to observe the dynamics of the polymer backbone
separately with?H NMR in the same sample. Tnxcresyl

the appropriate time-dependent weighting factors, the 2D phosphate (TCP) is used as received from Acros Organics (97%).

spectrum can thus be written as PMMA-d; (Polymer Source, Montreal, Canadié, = 23 200 g/mol,
Mw/M, = 1.09) is degassed under vacuum for 1 day at 400
Sw,,wt,) = Equal amounts of TCP and PMM#dg are weighed into an NMR
tube, degassed, and homogenized under vacuum for 1 week and
Paialtm) S @1:02) + Preeltm) Sed@1.02) (8) sealed off under vacuum. We do not observe any phase separation

. . . (cloudiness) in the mixture upon warming from liquid nitrogen
With paia(tm) + Predtm) = 134 The reorientation spectrum,  temperatures.

Sed®1,02), can be calculated froth Differential scanning calorimetry (DSC) was performed under
nitrogen in a Netzsch DSC 200 instrument equipped with a liquid

Sedwy,0;) = Ppowder(wl) Ppowder(wz) 9) nitrogen cooling system. Typical sample amounts were about
10 mg. We measured the samples with a heating rate of 10 K/min.

where Pyowdefw) corresponds to the a priori probability for The NMR measurements were performed in a Bruker DSX 400
molecules to absorb the NMR frequenoy which is given by spectrometer with a large core magnet and a field of 9.4 T
the CSA powder spectrum. The diagonal spectr8(w1,w>), corresponding to a Larmor frequency of 61.4 MHz for deuteron

is given by the same a priori probabilitPpowde(®), along the and 161.9 MHz for phosphorus. A L_%ruker VT 2000 temperature
diagonal of the spectruft4 controller heated a flow of cold nitrogen gas to regulate the

temperature of the sample to within 1 K. The accuracy of the
(wq,w,) =P ) MNw. — w 10 temperature is about2 K.
S 1:02) pOWde'( ) ol 2 (10) We used a Hahn-echo two-pulse sequence with a delay time of

; ; tp = 30us to measure th&P 1D spectra. The anisotropy parameter
whered(x) stands for the delta function. At higher temperatures i% found 10 bedcen — 27 23.2 kHz for TCP. A three-pulse sequence,

akr]ld for broad d||§tr|b utions of (éorr_e:]a?on t'm?S’ tlhe b sg)((ja_c_tra (7/2)—ty—(7t/2)—tm—(n/2), was applied to monitor th&P stimu-
show a narrow line assoclated with fast molecules in addition |ateq echo as a function of the mixing timg, With the appropriate

to. the powder sp.e.ctrum reflecting slgw molecules (gq 2). In phases of the pulsésonly the sine correlation functior: tsin(tm)'

this case two additional spe_ctral contributions appear in the 2D ig measured (cf. eq 3). For an evolution timet,of 15 s we find
spectra: a central Lorentzian pedio(wi,w2), Which is an Fa(t,) = 0.03. This final correlation valuds«(t,), has to be taken
averaged 2D liquidlike pattern in analogy to the central line in into account to obtain the orientational correlation functigg;

the 1D spectrum, as well as a cross patt&g(wi,w2), which (tm) (eq 4). Assuming that the limit of short delay timesg, is
stems from molecules that exchange their correlation time during reached (eq 5), we regard the normalized stimulated echo correlation
the mixing time: fast molecules, relative tay/become slow  function, ¢y (tm), as an estimate for the orientation correlation

and vice versa (Figure 1). Thus, we can wiitb!7.18 function, Fa(t). The 2D spectra were recorded in TPPI métle,
symmetrized, and convoluted with an approximately 1 kHz broad
S, (w0, = Gaussian. AIFIP NMR spectra were measured with broadbd
decoupling to remove the heteronuclear dipolar coupling.
Poowdel®1) Pig(®2) * Pig(@1) Ppowae(®@2) (11) 24 NMR 1D spectra were acquired using a solid-echo pulse

o sequence with a delay time gf= 15 us, anddq = 27 40.9 kHz
wherePijq(w) denotes the spectrum of the liquid line, usually a s found for PMMA-ds. We measured the sine correlation function
Lorentzian line shape. Thus, in this temperature range and infor 2H using a three-pulse sequence with appropriate pulse lengths.
the limit of a broad distribution of relaxation times, the 2D For an evolution time of, = 15 us we find F.(t,) = 0.11, and
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[ ] T < 1/6; ~ 5 x 1078 s. This transition as a function of
B y temperature can be seen in Figure 4 for the two components
TCP @P NMR) and PMMAZH NMR), both in the mixture
and individually as pure substances. The glass transition
] temperatureTy, of PMMA is too high to record the complete

] collapse of the spectrum for pure PMMA, but the initial

] signature of the collapse can clearly be seen.

] The figure already reveals three interesting facts about the
] mixture: First, the solid-state spectra for the two components
in the binary mixture collapse to a Lorentzian line at quite
different temperatures, indicating a pronounced decoupling of
the dynamics of TCP and PMMA in the mixture. Tentatively,
F' L one can assign a separate and distinct glass transition temper-

0 50 100 150 ature to each component in the mixture, about80 K apart.
Second, the collapse of the spectra for each component in the
Figure 3. Differential scanning calorimetry (DSC) traces of PMMA mixture S shifted with respect to the pure component, upwa_rd
TCP, and a 50% (w/w) mixture of TCP in PMMA measured with a by 50 K in the case Of_TCP and downward by about 100 K in
heating rate of 10 K/min. The traces are shifted by the experimentally the case of PMMA. Third, at around 320 K we record a central
determined glass transition temperaturBg,of 205 K (TCP), 381 K line for the plasticizer TCP, indicating liquidlike behavior, while
(PMMA), and 212 K (TCP/PMMA) as defined by the onset of the the matrix displays the powder spectrum of a rigid solid at the
DSC step. same temperature.

Furthermore, at the slightly lower temperature of around

[ TCP 50% TCP in PMMA

Normalized Heat Capacity

Relative Temperature, T — Tg [K]

again we assume that the limit of eq 5 is reached, which may not . .
be as good an assumption f NMR as it is for31P NMR. 280 K, we recorded spectra for TCP which can be described

Stimulated echo decays need to be corrected for the-dgitice by & sum of the corresponding powder spectrum with a liquid
relaxation, T, in the case of'P NMR and for the quadrupolar ~ Lorentzian line (eq 2) as indicated for one spectrum in
relaxation, T, in the case ofH NMR (cf. eq 3). We determined ~ Figure 4. This superposition (“two-phase spectrum”) indicates
the spin-lattice relaxation timesJ, for 3P NMR and2H NMR a broad distribution of correlation times and is usually not
using the saturation-recovery technique with a two-pulse Hahn or observed in neat low molecular weight glass-formers as evident
solid-echo sequence, respectively, with fits to an exponential in the spectra for pure TCP in Figure 4. The appearance of two-
function in the case of'P NMR and to a stretched exponential in  phase spectra in particular for TCP in the mixture covering about
the case ofH NMR. The quadrupolar relaxation time&q, for ?H 30 K is a clear indication of pronounced dynamic heterogene-
ities. Since this crossover to the liquid line occurs at tempera-
Sures for which the PMMA spectra are given by the powder

Tio decay, fit it to a stretched exponential, and scale the resultin . 2. .
10 y b 9 spectrum of rigid molecules, these heterogeneities occur in a

parameters;o and g according to the temperature dependence

of the measure, decay. We apply complete phase cyckhin matrix of essentially rigid PMMA molecules.

all NMR experiments. Further insight into the dynamics of the PMMA matrix in
the binary mixture can be gained from 1D spectra recorded with

4. Results various delay timest,, between the two pulses in the solid-

4.1. Differential Scanning Calorimetry. The distinct be- ~ €cho pulse sequence (Figure 5, right). Between 240 and 300 K
havior of polymer-plasticizer systems is immediately obvious no fast, large-scale angular motions are present; we observe only
in their thermal propertie%:1® Comparing the differential  solidlike powder spectra. The loss of intensity at the center of
scanning calorimetry (DSC) traces of the mixture of 50% the spectrum with increasing delay tintg,is the signature of
(w/w) TCP in PMMA with those of the pure components, TCP  small-angle motion still present in the polymer matrix, which
and PMMA (Figure 3), we find a wide temperature range over plays an important role in the glass transitidi®3¢3’Compar-
which the heat capacity of the binary sample increases, i.e., aing these spectra with those for pure PMMA (Figure 5, left),
very broad “glass step”. Herely is defined as the onset Wwe find no qualitative difference, and we conclude that no
temperature of the heat capacity step, and we deterniged additional motion is introduced by the embedded TCP. This
205 K for pure TCP;T, = 381 K for pure PMMA, andly = apparent decoupling is quite surprising, as it is difficult to
212 K for the mixture. The end of the heat capacity increase imagine a large molecule, such as TCP, reorienting isotropically
for the mixture is reached a; = 297 K. Thus, in the case of  in the PMMA matrix without affecting these aspects of the
the mixture the freezing of the different degrees of freedom Ppolymer dynamics.
extends over 85 K, and a single glass temperature is not adequate 4.3. 2D Spectra of TCP.The nature of the dynamic
to characterize the behavior of the heat capacity; rather, oneheterogeneities of TCP in the mixture with PMMA can be

needs to consider the entire temperature intefyab Te. This explored by measuring 2B3P NMR spectra at different mixing
wide temperature range already suggests an extreme broadeningimes,t.,. Since this mixing time is essentially only limited by
of the time scales of the dynamics in the mixture. the spin-lattice relaxation timeTs, which is about 16100 s

4.2. Temperature Dependence of the 1D Spectralhe for 31P in our temperature range, we are able to access mixing
complex dynamics of the binary mixture can be studied by times up b 5 s with good signal intensities. Accordingly, the
observing the two components individually withi and 3P dynamics can be probed on a time scale from microseconds to

NMR spectroscopy. In 1D NMR spectra, the main signature of seconds, and dynamics slower than those observable with 1D
increased orientational motion at higher temperatures is theexperiments can be followed. Molecules that do not reorient
collapse of the powder spectrum into a single central line once during the mixing time,t,, show an unchanged resonance
the orientational correlation time of the molecule (or the polymer frequencym;= w,, and their spectral contribution appears along
segment) drops below the inverse of the coupling constant: the diagonal of the spectrum. In the other extreme, unrestricted
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Figure 4. 2H (left and center left) solid-echo aitP (right and center right) Hahn-echo NMR spectra for PMBA{left), a 50% (w/w) mixture
of tri-m-cresyl phosphate, TCP, with PMM#g (center), and pure TCP (right) from 200 to 435 K.

isotropic reorientation leads to the 2D equivalent of a powder At 276 K, in the region of the “two-phase spectra” for TCP,
spectrum where all cuts parallel to the frequency axes matchthe 2D spectrum is more complex, as shown in Figure 7 (left)
the 1D powder spectrum shape (Figure 1). for five different mixing timestn,, ranging from1 msto 2 s. In

A 2D spectrum of TCP with a mixing time df, = 5 s is addition to the diagonal spectrum indicating immobile molecules
shown in Figure 6 (left) for a temperature of 257 K. (For and the spectral contribution caused by isotropically reorienting
reference, this temperature is below the onset of the liquid line molecules (Figure 6), we here also observe a liquid line as well
in the TCP 1D spectra displayed in Figure 4.) In addition to a as a crosslike pattern originating from exchange between “fast”
small contribution along the diagonal, one observes strong off- molecules (liquid line) and “slow” molecules (powder spectrum),
diagonal intensity covering the entire accessible spectral range.as shown in Figure 1. A qualitative inspection of the experi-
The latter contribution to the spectrum is typical for an isotropic mental spectra shows that the exchange and the reorientation
reorientation. The 2D spectrum also reveals a broad distribution component grow at about the same rate, while the contributions
of correlation times: after a waiting time tf = 5 s the majority from the liquid line and the diagonal decrease accordingly.
of the molecules has reoriented isotropically, whereas a smallerFurthermore, the exchange/reorientation dynamics extends over
fraction has not yet moved at all. Applying eqs B0, we can many orders of magnitude in time; i.e., the corresponding
simulate the 2D spectrum as shown in Figure 6 (right). This correlation function is highly stretched with some exchange
simple model describes the experimental 2D spectrum well for already visible at the shortest waiting timetaf= 1 ms, while
paia = 0.1; i.e., about 10% of the TCP molecules in the mixture some molecules are still stationary after the longest waiting time
have not yet reoriented afté s at 257 K. oftn=2s.
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Pure PMMA-d,

50% TCP in PMMA-d3

L B B S s e B N L e [ T

Frequency [kHz]

Figure 5. 2H solid-echo NMR spectra for PMMAS;, (left) and a 50%
(w/w) mixture of tri-m-cresyl phosphate, TCP, with PMM#g (right)
from 300 to 360 K and from 240 to 300 K, respectively, for interpulse

delays,t,, from 10 to 300us.

Experiment

50% TCP in PMMA-d,
T=257K

th=5s

Figure 6. 2D 3P NMR spectrum of a 50% (w/w) mixture of tni+
cresyl phosphate, TCP, with PMM#ég at 257 K for a mixing time of

tm = 5 s (left). A simulation based on the 13%P Hahn-echo spectrum
assuming complete reorientation for 90% of the TCP molecules is
shown on the right (cf. eq 8). The frequency range depicted extends

over 54 kHz along both axes.

Frequency [kHz]

Simulation

Experiment
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Simulation

50% TCP in PMMA-d,

T=276 K

th=1ms

10 ms

100 ms

500 ms

2s |

In a quantitative analysis, we fit eqch_ (_axpenmental 2D Figure 7. 2D %P NMR spectra of a 50% (w/w) mixture of triv
spectrum as a weighted sum of the four individual components cresyl phosphate, TCP, with PMMégat 276 K for mixing timestm,
(Figure 1 and egs 11 and 12), as shown on the right in ranging from 1 msd 2 s (left, top to bottom). Simulations based on
Figure 7, confirming our qualitative assessment of the dynamics. the 1D*P Hahn-echo spectrum using weighted combinations of fast-

The weighting factorgia Preo, aNdpex are shown as a function
of the mixing time tn, in Figure 8. Atty, = O, reorientation and
exchange have not yet taken place; thus—= 0 andpe,= 0.
The weighting factor for the diagonal componept,, at

tm = O is identical to the powder contribution to the 1D spectrum
at the same temperature as given by eq Bga =

1 — W) = 0.38. Likewise, the weighting factor for the
diagonal componenpyis, at long timesty, = o, vanishes, while
Pex is related toW(T) according topex= 2W(T)(1 — W(T)).14

moving (liquid), slowly moving (reorienting), and immobile TCP
molecules, as well as exchange between fast and slow domains are
shown on the right (cf. eq 12). The frequency range depicted extends
over 54 kHz along both axes.

evident from the figure, reorientation and exchange occur on
similar time scales at this temperature, showing that the dynamic
heterogeneities of the TCP molecules in the matrix of immobile
PMMA are transient in nature.

4.4, Orientational Correlation Function for the Plasticizer

These limiting values, calculated from the corresponding 1D Component (TCP). More quantitative information about the
31P NMR spectrum, are indicated in Figure 8 with arrows. As reorientation dynamics can be gained from stimulated echo
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Figure 8. Weighting factors (eq 12}, of the individual components
in the 2D 3P NMR spectra of a 50% (w/w) mixture of tm-cresyl
phosphate, TCP, with PMMAL; at 276 K (Figure 7) as a function of
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componentpey, attn = o are indicated with arrows.
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Figure 10. Comparison of the orientational correlation function,
Fa(tm), as a function of mixing timetm, for pure PMMAd;, (left,
dashed), PMMAd; in a 50% (w/w) mixture with trim-cresyl phosphate,
TCP, (left, solid), pure TCP (right, dashed), and TCP in a 50% (w/w)
mixture with PMMA-d; (right, solid).

The most striking feature of the correlation functions for TCP
in the binary system is the extreme stretching in stark contrast
to the correlation function for pure TCP (Figure 10). Whereas
the correlation function for pure TCP is described well with a
stretched exponential function (Kohlrausch decay) with a
stretching factorfk, of about 0.6, the correlation function of
TCP in the binary mixture shows a quasi-logarithmic decay over
about 3 orders of magnitude in time.

It is problematic to define a characteristic time constant for
a quasi-logarithmic decay. As a simple estimate for the
correlation time of TCP in the binary mixture, we determine
the time at which the correlation loss has reached 0.6, as
indicated in Figure 9. These time constants are compared to

those for pure TCP and the polymer component in Figure 11.

4.5. Correlation Function of the Polymer Component
(PMMA). Sine correlation functions for the matrix polymer
PMMA in the binary mixture as well as for the pure polymer,
both measured with a delay time tf= 15 us, are shown in
Figure 12. Again, we use the normalized correlation function,
¢tp(tm), as an estimate for the orientational correlation function
Fo(tn) of the polymer segment. The decay functions were
. corrected for the quadrupolar relaxation tingg, and for the
decays. We measured the sine correlation functiop(tm), final correlation valueF«(tp) (egs 3 and 4). Sinc&q is only
for the component TCP in the binary system at temperaturesabout 10 ms for PMMA in the temperature range of our
between 220 and 260 K with a delay timetpf= 15 us. The experiments, the accessible mixing time range is very limited.
upper temperature is just below the onset of the liquid line in Nevertheless, the upper portion of Figure 12 shows that no
the 1D spectra (Figure 4) and comparable to the temperature ofmatrix dynamics are observable up to 10 ms in the mixture at
the 2D spectrum shown in Figure 6. The normalized correlation temperatures (290 K) for which some of the embedded
function, ¢(tm), (eq 4) is taken as an approximation for the component TCP already exhibits fast orientational motion on a
orientational correlation functiof(tm), as shown in Figure 9. microsecond time scale.
Again, because of the lori time of 3P, we are able to measure The correlation functions for PMMA in the binary system
the correlation function for mixing timeg,,, up to about can be approximated by a stretched exponential function with
100 s; i.e., almost 8 orders of magnitude in time is covered by a common stretching parametefi, of 0.33. This value is
the 3P stimulated echo method. Even after tens of seconds thecomparable to the stretching parameter for the correlation
orientational correlation only decays to about half of its initial functions of pure PMMA for which we fing3x = 0.36 at
value in the temperature range investigated. temperatures that are about-9000 K higher. The similarity

At the longest times, spin-diffusion could lead to an exchange of the correlation decays for PMMA in the mixture and as a
of magnetization without motigfand could possibly contribute  pure component is also evident in their direct comparison (Figure
to the loss of echo signal, especially at the lowest temperatures10). Thus, it appears that the dynamics of the polymer
(with the slowest relaxation). This effect does not just accelerate component is simply accelerated while the shape of the
the signal decay, it also changes the shape of the experimentatorrelation function is not altered significantly by the plasticizer,
echo signal to a more exponential decay, as observed in Figurein pronounced contrast to the changes in the dynamics of the
9. We therefore limit the discussion of the shape of the plasticizer itself upon embedding in the polymer matrix. This
correlation function to the two highest temperatures investigated, result was already anticipated in previous w818
where the decay occurs in a time interval for which possible  The correlation times of TCP and PMMA as pure substances
signal loss due to spin diffusion can essentially be ignored. and as components of the binary mixture are compared in

10% 10% 102 107 10° 10" 102
Mixing time, t,, [s]

Figure 9. Orientational correlation functiorf,(tm) calculated from

31p stimulated echo decays for tricresyl phosphate in a 50% (w/w)
mixture with PMMA-ds, from 220 to 260 K, as indicated, as a function
of mixing time, tn. Temperature-dependent correlation times, as
estimated from the drop of the correlation function to 60%, are marked
with arrows.
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Figure 11. Comparison of the correlation times for pure PMMA-
(squares), PMMAd; in a 50% (w/w) mixture with trim-cresyl
phosphate, TCP (diamonds), TCP in a 50% (w/w) mixture with PMMA
(triangles), and pure TCP (circles) obtained from stimulated echo an
relaxation experiments as a function of temperature. The time interval
over which TCP relaxation was observed is indicated with a double-
headed arrow. Also shown for comparison are the correlation times
for the pure compounds obtained from dielectric experinéfftéopen
symbols).

Figure 12. Top: reorientational correlation functiorfo(tm), for

PMMA-ds, in a 50% (w/w) mixture with trim+-cresyl phosphate, TCP,
g from 290 to 340 K, as indicated, as a function of mixing time,
tm. Bottom: reorientational correlation functiorf,(tm), for pure
PMMA-ds, from 395 to 430 K, as indicated, as a function of mixing
time, tn.

different mobilities for the two components. As in their
simulations, we do not observe any significant motion of the
polymer matrix at temperatures for which the fast component
Figure 11 as a function of temperature. We also added an(TCP) displays logarithmic decay, as shown in Figures 4 and
estimate of the time constant of TCP in the mixture calculated 12 for large-angle motion and Figure 5 for small-angle fluctua-
from the width of the Lorentzian line at 303 K viaTh/= tions. The dynamics of the two components appears to be
ATKCSAB, with KCSA = 6/5m%0csa2.38 For the pure components  completely decoupled, and separate glass transition temperatures
we also included the time constants from dielectric experi- could be assigned to each comporiérit

ments3®4% showing a fair agreement with our data. A strong  Because of the extreme stretching of the correlation function
plasticizer effect is observed for PMMA in the mixture: the of TCP molecules in the mixture, we observe correlation loss
correlation times shift by 90 K to lower temperatures, and their in the entire experimentally accessible time window extending
temperature dependence decreases slightly. In contrast, the timep to about 100 s. Characterizing this relaxation with a single
constants for TCP in the mixture are shifted to higher temper- correlation time as in Figure 11 might therefore be deceptive,
atures with respect to the correlation times of the pure as for one a logarithmic decay lacks a true correlation time and
compound. Again, the temperature dependence decreases in théecond the correlation decay displayed in Figure 9 is not yet

mixture. complete at 100 s. Given the broad distribution of correlation
) . timesG(In 7) for TCP in PMMA, we therefore also indicate in
5. Discussion Figure 11 the entire time interval over which correlation loss

The main results of this paper are summarized in Figures 4 was observed in the stimulated echo decays for TCP.
and 10 for the spectra and dynamics, respectively. Our most Using a simple linear extrapolation of the time constant for
important observation is the large qualitative difference in the PMMA in the mixture to lower temperatures, we estimate a
dynamics of the plasticizer (TCP) in the binary system compared correlation time of~10* s for PMMA at about 260 K, the
to its dynamics as a pure compound. While the polymer highest temperature for which the correlation function for TCP
dynamics is simply shifted in temperature (or correlation time) was determined. It is conceivable that this estimated correlation
due to plastization without discernible changes to the shape oftime for PMMA might constitute an upper bound for the very
the relaxation curve (Figure 12), the plasticizer relaxation itself broad distribution of correlation times for TCP molecules. Such
changes from a stretched exponential decay to an extremelya scenario is also compatible with the correlation functions of
stretched-out relaxation curve (Figure 10), which cannot be fitted the components reported in the simulatiéh4® The lower
with a stretched exponential decay anymore. Over several orderseexperimentally accessible limit of the correlation times is given
of magnitude in time the correlation loss exhibits a quasi- by the shortest possible waiting time of the stimulated echo
logarithmic decay. technique, about 10 s. The emerging liquid line in the 1D

This behavior is strikingly similar to the simulation results spectrum of TCP in the binary mixture at 273 K (Figure 4) is
by Moreno and Colmenet®26for a binary mixture with very evidence for the presence of a significant fraction of TCP
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molecules with correlation times shorter than 1@ at this in other nanoconfinements, for example in zeoliths or MCM
slightly higher temperature. porous material>>253While the mobile molecules experience
Consequently, it may be misleading to distinguish between & considerable broadening of their response function in any of
two separate glass transition phenomena or two distinct glassthese confinements, as shown for example by similar “two-
transition temperatures for the binary mixture as done in phase” NMR spectra, exchange between fast and slow domains
Figure 11 by assigning separate time constants to the individualis only observed for guest molecules in a polymer matrix, even
components. Rather, the dynamics of the mobile componentif the matrix is rigid as in the current study.
covers a very broad time range, extending from close to the We proposed previously that isotropic reorientation of
correlation time for the neat component potentially up to the plasticizer molecules is a consequence of their translational
time scale of the polymer dynamics, the latter being accelerateddiffusion through the polymer matrix. However, it appears
by the plasticizer effect. This interpretation is qualitatively difficult to picture a molecular mechanism that enables the
consistent with the very broad “glass step” observed in the DSC diffusion of a molecule as large as TCP in a polymer whose
traces. However, in the quantitative comparison some discrep-segments are much smaller than the diffusing molecule. On the
ancies appear that are not yet understood. For exampleother hand, translational “jump” diffusion of plasticizer mol-
extrapolating the correlation times of PMMA in the mixture to €cules through polymers has been studied in a number of
a time constant of 100 s, we expect a glass transition temperaturesystem&* 3 and is of significant technical concern.
of about 275 K, which is well below the high-temperature end ~ Analyzing the dependence of stimulated echo decays on the
of the “glass step” in the DSC curves (Figure 3) at delay time,t, reveals further details about the mechanism of
Te = 297 K. On the other hand, the fast tail of the relaxation the molecular reorientatioff:*®In such a studif we found that
time distribution in the binary system, as characterized by the the isotropic reorientation of benzene in the matrix oligostyrene
TCP time constant displayed in Figure 11, seems to reach 1000ccurs in random jumps, as no dependence on the delay time,
s at about 226 K, which is above the onset of the DSC “glass tp, was observed, which may be consistent with translational
step” atTy = 212 K. In other wordsTg defines as expected the diffusion causing the reorientation. However, preliminéty
temperature at which all TCP molecules in the mixture reorient NMR results on TCP in PMMA show a very strong dependence
with a time constant slower than 100 s. of the stimulated echo decay on the delay tirmg, which

In accordance with the simulatioAs26our results also show  contradicts a random jump mechanism.
standard relaxation behavior for the polymer component in the
mixture. The shape of the PMMA correlation function in the _ o o _
binary mixture is practically unchanged from the pure polymer ~ Our NMR investigation of PMMA plasticized with TCP
dynamics and is described well with a Kohlrausch decay. confirms predictions from recent calculations simulating binary
Adding the TCP plasticizer simply shifts the relaxation curve glass-formers with kinetically constrained mod@&&°First, the
to an~90 K lower temperature, which is consistent with DSC, correlation function for the plasticizer TCP in the binary system
dielectric, and neutron scattering experimenis?2 As the is, compared to pure T.CP,. highly stretc.hed out, indicating a
plasticizer behaves like a liquid at the temperatures for which broadening of the distribution of relaxation times due to the
we observe relaxation in PMMA, one might consider it a polymer matrix. The wings of this distribution seem to reach
lubricant for the polymer dynamics, separating chain segments,almost from the time scale of the dynamics of the pure
thus easing their motion past each other. plasticizer to the relaxation times of the plasticized polymer.

On the basis of concentration fluctuation mod® for Second, the plasticizer TCP reorients isotropically even in a

binary systems, one might expect that the distribution of rigid PMMA matrix weI.I pelow the calorimetric softening
correlation timesG(In 7), for PMMA would broaden upon  temperature of the matrix itself. _
plastication, which in turn would lead to a smaller stretching _ Third, while the qualitative features of the dynamics of the
parameter8x. However, unaltered (or even narrowed) peak fast component are cha}nged dramatically due to the presence
shapes were observed for example in the binary system of th(_e matrix, the dyna_mlcs of the slow component (the polym_er
polybutadiene/mineral dit and in molecular dynamics simula- ~Matrix itself) are practically unchanged, except for a large shift
tions of a polymer blené These virtually unchanged dynamics 1" temperature compared to the pure polymer. The plasticizer
(compared to the pure components) have been shown to beonly seems to act as a solventlike lubricant for the polymer,
consisterf® with a theoretical modét for polymer blends. lowering the glass transition temperature, while leaving the

Our 2D exchange spectra reveal that the dynamic heteroge-qu""."tative feat_ures of it; segmental_dynamics un(;hanged.
neities of the plasticizer molecules are transient in nature. TCP Finally, we f'n.d short-lllved dynamlc hgterogeneltles for the
molecules exchange their correlation times on a time scalefaSt component in the. bmar_y mixture, W.h'Ch. exchange at a rate
similar to that of the isotropic reorientation itself (Figure 8), comparable to the orientational relaxation itsel.

and no long-lived heterogeneities are observed. This observation Only the very large time window of 28%P NMR, which is
is consistent with experiments on nE&f-4° and binary glass- several orders of magnitude broader than th&HdMR, made

formers, even for low molecular weight matrides:17.18_ong- it possible to observe the highly broadened dynamics of the

lived heterogeneities were observed very close to the glassTCP additive in a matrix of PMMA.
transition temperatub@>1for relaxation times that are too long
for the NMR techniques used in this study, and there is still
some controversy about whether they exist af®@afls we do

not observe any large-scale motion of the polymer matrix below
290 K (Figure 12) but only small-angle motion (Figure 5), We poterences and Notes
conclude that these transient heterogeneities of the plasticizer

molecule occur in a rigid polymer matrix. (1) Kirk-Othmer Encyclopedia of Chemical Technologth ed.; Wiley-
) - . Interscience: Hoboken, NJ, 2004.
The confinement of the plasticizer molecules in the polymer (2) Hickel, M.; Kador, L. Kropp, D.: Frenz, C.; Schmidt, H. Vikdo.

matrix may be compared to the dynamics of small molecules Funct. Mater.2005 15, 1722.

6. Conclusions
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