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Solid-state nuclear magnetic resonance study of relaxation processes in MEH-PPV
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Solid-state nuclear magnetic resonance methods were used to study molecular dynamics of MEH-PPV at
different frequency ranges varying from 1 Hz to 100 MHz. The results showed that in the 213 to 323 K
temperature range, the motion in the polymer backbone is predominantlyislewHz) involving small angle
librations, which occurs with a distribution of correlation times. In the side chain, two motional regimes were
identified: Intermediate regime motiofi—50 kH2 for all chemical groups and, additionally, fast rotation
(~100 MH2) for the terminal CH group. A correlation between the motional parameters and the photolumi-
nescent behaviors as a function of temperature was observed and is discussed.
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Despite the success of poly2-methoxy,562’-ethyl-  coupling for each chemical grodpThis is done by measur-
hexyloxy)-p-phenylenevinylenge (MEH-PPV) as an elec- ing the dependence of the signal amplitude with the evolu-
troluminescent active polyméf the knowledge of the tion period (t;), used for codifying the'*C-*H dipolar
molecular chain dynamics and its effects on the electrolumicoupling®® which produces a typical curve that depends on
nescent properties is still deficient. Recent studies havthe strength of the averaged dipolar couplifigy,). Since
shown that polymer conformation and chain dynamics arenotions with correlation times shorter thatilO us average
especially important for the luminescent properties of conjuthe dipolar coupling betweetH and**C, from the measured
gated polymeré# 1t is also known that thermal-induced mor- (vgp it is possible to distinguish rigid from mobile segments
phological changes can affect the photophysics, mainly foand estimate the amplitude of the molecular rotation. Mo-
processes which involve interchain spedi€&or instance, it lecular order parameters, for each chemical group can also
is known that thermally induced torsional motion shortensbe obtained as the ratio between this averaged dipo(ljar cou-
the conjugation length, and consequently induces changes Ming and its respective rigid-lattice valu&=(vgp/ v )-
the polymer photoluminescen¢eL).” Moreover, it was also Assuming wobbling in a cone model for CH carbons, these
observed that a substantial narrowing of the photoluminesorder parameters can be converted into the amplitude of mo-
cence band of MEH-PPV occurs below 220 K, although ndiions of the CH bond vector given by the opening angle of
further explanation was giveh. the cone acco_rdmg t&=[cos(1 +_cosa)/2] , Where 6 is

Modern solid-state nuclear magnetic resonafis¢Rr)  the cone semiangfé. Slow dynamics(1 to 1000 Hz can
methods achieved great success in studying dynamics arR§ Studied by thles I%enterband—only detection of exchange
structural properties of organic materidla)sing different (CODEX) method->>In summary, the experiment detects
NMR methods, segmental dynamics and conformation caf{'® Signal reduction due to changes in the orientation-
be studied at a molecular level and very specific informationdependent chemical-shift frequencies, which results from
such as correlation times, reorientation angles, and their re®gmental reorientations that take place during a longis
spective distributions, can be obtained in a broad range df 9 Mixing time (t,). The t,, dependence of the ratio be-
frequencies. Despite the great development of advancelyeen each NMR line intensitf(tm, Nt), and the respective
NMR for studying molecular dynamics, there exist so farline intensity obtained from a control experime8(0,Nt,),
only few applications of such modern solid-state NMR tech-(that does not encode any molecular motigmovides the
niques for investigating dynamics and structure of conjugatéwvo-time correlation function of the slow molecular
polymersi®i! In this work, a systematic study of the motions'*Other information that is taken from this experi-
MEH-PPV chain dynamics using conventional and newment is the amplitude of the motion, which is determined
advanced solid-state NMR methods is presented. SloWfom the dependence of the normalized line intensities,
(1 Hz-1 kH2, intermediate(10 kHz—100 kHz, and fast E(tm,Nt)=S(ty,,Nt;)/S(0,Nt,), with the period that the spin
dynamics(~100 MH2) were probed by different NMR tech- system has evolved under the chemical shift anisotropy
niques. (CSA), Nt..1>16 These modern methods are particularly at-

Molecular motions occurring with rates of the order of tractive, because model free information about the molecular
Larmor frequency (~100 MH2 can be probed using dynamics can be obtained.

T,-relaxation measurement$Dynamic processes occurring MEH-PPV with M,=86.000 g/mol was purchased from
with rates between 1 to 100 kHz are accessible by oneAldrich Chemical Company Inc. and studied as received.
dimensional (1D)-DIPSHIFT experiments. Such experi- Films for photoluminescencéPL) experiments were cast
ments, performed under magic-angle spinn{MAS), pro- from a toluene solutionthickness~800 um). Afterward,
vide a measurement of thé*C—'H magnetic dipolar films were dried under a dynamic vacuum. NMR experi-
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FIG. 1. (a) ¥®C CP/MAS NMR spectra of MEH-PP\* indi-
cates the spinning side band&) Temperature dependence of the
Bc spin-lattice relaxation ratesTll) for all the carbons of p,.
MEH-PPV. &L

ments were performed using a 9.4 T VARIAN INOVA spec- 15000 15500wl6000 {)6500 17000 17500
trometer h a 7 mm VFMAS double-resonance probe head avenumber (cm)

equi_pped with spinning speed Contml' FIG. 2. (a) Plot of the molecular order parameters as a function
Figure X&) shows the repeat unit and tHéC CP/MAS temperature for CH and Gfgroups in MEH-PPV(b) Same as

spectrum of MEH-PPV at 323 K with the corresponding linein (a) for CH, groups.(c) MEH-PPV PL spectra at several tempera-
assignments. Figure(td) shows the correspondingC spin-  tures(from 40 to 410 K. The inset shows the correlation between
lattice relaxation rateﬁTIl) as function of temperature. It the differential normalized PL intensities and order parameters at
can be observed thél’ql is temperature independent for all several temperatures.
the carbons, except for the three methyl carb@sl5, and _ o o
17), where a slight decrease in temperature is observed. Thi§is case, itis smaller than 0.33. This is a consequence of the
indicates that the CHigroups execute molecular movements fact that these Ckigroups located in the side chain follow
in the frequency scale of the order of Larmor freque(‘mo the motion of the side .gI’OL.JpS n .add|t|0n to the axial rota-
MHz), and the estimated activation energies were about 0.i0ns. Another interesting issue is the temperature depen-
eV, which is typical for CH free rotations, as observed in dence of dipolar coupling for CHgroups along the side
Ref. 12, where the deuterated methyl groups in differenehain. Because the dipolar coupling for Cearbon 105,
molecules were studied usingH T, relaxation measure- Was found to be temperature independent, the order param-
ments and line shape analysis. eters were calculated using the dipolar coupling of this group
Figure 2a) shows the temperature dependence of thes a reference=(vyp/v5i). The temperature dependence of
molecular order parameters for CH and Llgroups in the order parameter for all side chain £gtoups is shown in
MEH-PPV measured using 1D-DIPSHIFT experiments. TheFig. 2b). As it can be observed, overall the order parameters
main chain carbons have temperature-independent order péicrease as a function of the proximity to the main chain.
rameters of approximately 1.0. The order parameter foAdditionally, the order parameters for side chain carbons
methoxy carbong9) is also temperature independent and the(12, 13, 14, and 16decrease as a function of temperature.
obtainedS value is 0.33+0.02, which shows that the £H For CH side group carbofil), the average amplitude of the
group motions correspond to axial rotations, occurringmotions was estimated as<¢>=(14+5°,(25+5°,
around its C3-axi$® For the CH carbon(11) in the side (37+3°, and (42+3)° at T=243, 263, 300, and 323 K,
group, the order parameter remains equattobelow 230 K respectively, indicating the progressive increase of motional
and decreases monotonically with temperature, indicating amplitudes as a function of temperature.
gain of mobility. CH, carbons in the side grougd5 and 17 Figure 3a) shows the two-dimensiondfC (2D) MAS-
also exhibit aS decay as a function of temperature and, inexchange spectrum of MEH-PPV. Cross peaks linking the
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FIG. 4. (a) Mixing time dependence of the normalized CODEX
. i . . i i . intensities.(b) Evolution time,Nt,, dependence of the normalized
250 200 150 100 50 0 (ppm) CODEX intensity.

FIG. 3. (8) °C 2D-MAS exchange spectrum performed under which is smaller for OCH as compared to phenyl ring
5.4 kHz. (b) Top: Reference CODEX spectrum; middle: CODEX carbonst® The E(t,,,Nt,) versust,, curves were adjusted with
spectrum; bottom: Pure-exchange CODEX spectr(imindicates  the stretched exponential correlation functidgt,,, Nt,)
the spinning side bangls =f.[1-exd—(t,/ 70)?)],*° where f,, represents the fraction

of molecular segments moving in the millisecond to second
sidebands of Carbons 1, 4, 3, 6, and 9 are clearly observefime scale angB is associated to the width of the correlation
showing that these groups experience dynamics in th@me distribution. The mean correlation timer), is calcu-
ﬂow motion regime? This is confirmed by the series of |ated fromr, and 8 according to(7.)="17,I'(1/B) and are
C CODEX spectra presented in Fighg which were ac-  ghown in Fig. 4a). The smallg value(=0.4), accounts for a
quired at 300 K, witht,=200 msNt =667 us. Exchange, ioatively large distribution of correlation timéabout 3 de-
Sltm, Nt,), reference ,(0,Nt,), and pure-exchangé®-S),  cades and suggests a significant dynamic heterogeneity for
CODEX spectra are shown. N&-S) intensity is observed  he polymer backbone at this temperature. The motional am-
in the pure-exchange CODEX spectrum for the 0-50 ppmyjitudes involved in such processes were obtained by mea-
region, indicating the absence pf slow moti.ons of the S'desuring theE(t,,,Nt,) versusNt, curves. Figure &) shows
groups. In contrast, slow moving groups in the polymerg,ch curves for the 3,6 phenylene carbons. The simulation
backbone are directly detected as a signifid&yt S) inten- ;a5 performed considering average motional amplitudes be-
sity for the phenylene and methoxy carbons. Together withyeen 18° and 32°, Fig.(8) reproduces the experimental
the 1D-DIPSHIFT data, these results indicate that, while thjata. The observed slow backbone motions might be inter-
main chain in MEH-PPV experiences slow dynamies  preted as small angle rotations, and their amplitudes reflect
~100 mg at room temperature, the side groups move fastefhe width of the rotational barrier distribution around the
(7c<100 us). planar configuratioR%2! These slow torsional motions of the

Figure 4a) shows the"*C CODEX normalized intensities, main chain may also play a role in the electroluminescence
E(tm,Nt,), as a function of the mixing tim&,(Nt,=667us)  and PL of the polymers. Because the time scale of the elec-
for backbone Carbons 1, 4, 3, 6, and 9, as well as for theronic processes involved in the PL is at least six orders of
sidegroupsthe line intensity was obtained by integrating the magnitude faster than the time scale of the slow processes
spectrum in the 0-50 ppm rangat 300 K. TheE(t,,,Nt,) observed here, the average reorientation angl¢26t7)’
intensity for the side group carbons remains approximatelyneasured in the CODEX experiments can be interpreted as
zero for all mixing times, confirming the absence of the slowthe degree of chain disorder along the main chain. In Ref. 21,
motions in these molecular segments. In contrast, the backhe backbone motion of PPV was investigated and a degree
bone carbons have significant exchange intensity. Thef motional heterogeneity that is substantially smaller than in
E(t.,,Nt,) versust,, curves for the 1, 3, 4, and 6 phenylene the case of MEH-PPV was foun@ for PPV main chain
carbons are identical, while OGHarbon shows a different motion is~0.8 compared te-0.4 in the case of MEH-PPV
plateau value. This is attributed to differences in the CSAThis might be related to the presence of the long side group
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in MEH-PPV, which not only suppresses some motionalprocess(measured by differential scanning calorimetry—not
modes(for example ring flipg but also introduces changes shown, which involves dissociation of interchain species.
in the microenvironment that makes the system more heterdrhe dissociation of interchain producing intrachain excitons
geneous. explains the simultaneous increase in emission intensity and
Figure 2c) shows MEH-PPV PL spectra at several tem-spectral blueshift. In fact, an increase can be also observed of
peratures, from 40 to 410 K. As can be seen, there are threbe plateau of th&(t,,, Nt,) versust,, curves for temperatures
regimes in this series of spectra. From 40~+4@20 K, the  higher than 300 K(not shown. This is an indication that
spectral characteristics remain unchanged; betwe@20 there is an increase in the amplitude of the main chain mo-
and 320 K width and spectral intensity remain mostly con-tion as a function of temperature, characteristic of a glass
stant and a spectral blueshift is observed; above 320 K, beransition process.
sides the blueshift, the width and spectral intensity increase Analyzing the behavior of the order parameters for side
continuously. Theoretical calculations and experimental rechain carbong11, 12, 13, 14, and 16hown in Figs. 23
sults have shown that chain disorder is an important mechand Zb), one can observe that it is about 1 at temperatures
nism for blueshifting the PL spectrum of conjugatedlower than~230 K and decreases for higher temperatures.
polymers3202223Thus, the presence of small angle mainBecause the decrease of the order parameter is strictly related
chain motions at 300 K suggests that this blueshift of the Plto the increase of the amplitude of the polymer chain motion,
bands is associated with the conformation disorder introthe correlation between the PL changes and the onset of side
duced by the small angle motion in the main chain as obgroup motion is appareft® Therefore, the modifications in
served from CODEX experiments. The spectral changethe PL spectra, which occur just above 220 K, might be
starting at 220 K can be attributed to the onset of thecorrelated to the change in the microenvironment due to the
B-relaxation processés involving thermal activation of onset of the side group motion, which produces regions
lateral segments of the polymer chain, increasing the confomwhere interchain interactions are less effective than in the
mational disorder. At temperatures above 320 K, the signififrozen state. This shows that the secondary relaxation occur-
cant intensity increase and the blueshift in the PL spectraing in side chain is directly related with the processes that
observed are associated with the onset of the glass transiti@ifect the photophysics of MEH-PPV.
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