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ABSTRACT: Variable-temperature high-resolution solid-st&@ NMR experiments were performed on poly-
(di-n-alkylitaconate)s in bulk. Temperature-dependent line broadenings resulting from either motional modulation
of the 13C—1H dipolar coupling or motional modulation of the chemical shift anisotropy were observed for each
carbon atom of the polymer main chain and side chains. Similarly, independent determination336f-thé

dipolar couplings andC chemical shift anisotropies demonstrated the existence of local motions in solid poly-
(di-n-alkylitaconate)s. All of these measurements led to a direct identification of the moving units that are involved
in the various relaxations, which were previously investigated by using dielectric relaxation experiments.

1. Introduction temperature and frequency ranges and exhibits a non-Arrhenius
Poly(di-n-alkylitaconate)s (PDAI) are known to exhibit behavior. It is likely related to cooperative motions of the alkyl

several relaxations related to the development of specific SId€ chains and ester group next to the;GHacer unit.

motional processes in the solid state. Their chemical formula 1€ am of the present study is to get a more detailed
is: interpretation of the dielectric relaxation experimémtentioned

above by achieving a precise identification of the molecular
motions that are responsible for each relaxation in the solid state.
Among the various techniques that can be used to examine the

Hne1Ci— O~ C—CH;—C — C —O— C,H .1 local mobility in polymers, high-resolution solid-stdf€ NMR
I [ I is a very powerful tool because it is a selective method that
(@) CH, O permits following the motional behavior of each carbon of the
repeat unit independently. Moreover, many different NMR
p parameters may be used to study molecular motions. Experi-

ments described in the present paper are mainly basééCon

wheren is the number of carbons in the alkyl side chains. The line-width measurements over a wide temperature range and
different subglass and glass relaxation processes in PDAI's haveindependent determinations of th&€—!H dipolar couplings
been studied for a long time mainly by differential scanning and13C chemical shift anisotropies. Results thus obtained are
calorimetry (DSC),2dynamic mechanical analysis (DMAJ)S discussed in close relation with the previous dielectric 8ata,
dielectric spectroscop¥,? and recently, by solution NMR and ~ and the molecular origin of the different processes is carefully
molecular modeling® which led to a deeper understanding of investigated.
the relative role of intramolecular constraints and intermolecular ] )
interactions in the solid-state organization and properties of these2- Experimental Section
polymers. The dielectric relaxation measurememsre per- Dialkyl itaconic esters with side-chain lengths with= 1, n =
formed on a series of poly(di-alkylitaconate)s with various 3, andn = 6 were prepared by esterification of itaconic acid using
side-chain lengths. This work allowed clarification of the the appropriate alcohol. Bulk polymerizations usiagt'-azobi-
complex relaxational behavior in these polymers and definition sisobutyronitrile as an initiator were carried out under nitrogen and
of the location of the secondary relaxations in the temperature Polymers were isolated by precipitation into metharobde names
and frequency domains. The comparison of the results obtained@"d molecular weightsM, and My, as determined from size
by increasing the length of the side groups permitted an exclusion chromatography in THF for the three polymers, are listed

. . in Table 1. Glass-transition temperaturég, were derived from
assignment of they, 'Bfe.‘s" and[?smw secondary relaxations to the onset of the baseline shift observed in heat capacity measure-
motions of the alkyl side chains, of the ester groups located yents by using a TA instrument differential scanning calorimeter
after the CH unit and of the ester groups directly attached to 2010 operating at 20 K mii. T, values thus obtained are given in
the main chain, respectively. In poly(dialkylitaconate)s with  Taple 1. Note that, for PDHI, there is an indication of an additional
six carbon atoms at least in the alkyl part, the existence of an low-temperature inflection in the variation of the heat capacity as
additional low-temperature glass transiticm;, was clearly a function of temperature in agreement with results reported by
established. Thel process replaces thfk.s process observed ~ Cowie et aF for the higher PDAI derivatives.
in the lower derivatives. It is located in quite the same  High-resolution solid-staté*C NMR spectra were recorded at
75.47 MHz using a Bruker Avance 300 WB spectrometer. A
variable temperature 4 mm magic angle spinning (MAS) probe head
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Table 1. Characterization of the Samples an amount of £T>m) ! to the line width is:
s 11
104M, 104M, (DSC) 11 @
code n name (gmolY) (gmol?y  (°C) Tom ZmMCH RCoTY) )
PDMI 1 poly(dimethylitaconate) 7.4 9.4 92
PDPI 3 poly(din-propylitaconate) ~ 18.6 48.2 20 where [AMcy@0is the part of the truncated carbeproton
PDHI 6 poly(din-hexylitaconate) 8.7 191 -38 second moment that is modulated by the motion, ¥ndy) is

locked protons, followed by high-power proton dipolar decoupling the spectral density associated with the fluctuations of the dipolar

(DD). The matched spin-locked cross-polarization transfers were interaction at the frequen_aylH. In th_e fol!owmg, the motion .
carried out withH magnetic field strength of 62.5 kHz, corre-  Of the Chhand CH units will be described in terms of stochastic
sponding to ar/2 pulse duration of 4:s. The HartmanrHahn jumps characterized by a correlation tinag,of the internuclear
condition was matched using glycine with a very short contact time C—H vector around their local rotation axi$By assuming a

of 20 us. The proton decoupling field strength was 80 kHz. fixed rotation axis for the unit under consideration, the spectral
Chemical shift calibrations were performed using the glycine density of motion is written as:

carbonyl carbon resonance at 176 ppm. Contact time and repetition

time were 1 ms and 2 s, respectively. About 2000 scans were needed 21 2(zl4)
to obtain a suitable signal-to-noise ratio. Spectra were recorded in Jw)=K|B > > > )
the temperature range from110 to 40°C. The temperature was 1+ w7 1+ w™(z/4)

controlled with a Bruker BVT 3000 to an accuracy£0.1 K. It

was calibrated by using the temperature-dependent chemical shiftwhereB = 3/, sinf(2A), C = 3/4 sinfA, A is the angle between

of Pb(NQy), over the range from—130 to +150 °C.** For the internuclear vector and the rotation axis, Krid a constant.
experiments performed below room temperature, a low-temperature  For carbons having a high chemical shift anisotropy (unsatur-
kit using liquid nitrogen evaporation was connected to the probe ated carbons), the motional modulation of the chemical shift
head. anisotropy induces a line broadeningzTg,)~1, which is

In the cross-polarization experiments, molecular mobility was . hen th te of lecul tion i  to th
investigated by examining the effect that different contact times maximum when the rate ot moiecular motion IS equal to the

have on the development of magnetization of protonated carbons."OtOr Spinning speedywuas. In the limiting case of the weak
The ty, cross-polarization time is defined as the contact time collision regime, i.e., when the spinning speed is much larger
necessary to get half of the maximum value of the magnetization than the chemical shift anisotropy expressed in Hz, the
(Mnay that can be achieved by cross-polarizatidn.x was derived transverse relaxation time is written'&s
by fitting the exponentiall1,(*H) decay of the!3C magnetization
observed at long contact times and extrapolating it to zero time. 1 2

The principal values of the chemical shift anisotropy tensors of T_Zo = (yBoA0) H@yas) (4)
the carbonyl carbons were derived from the relative intensities of
the spinning sidebands recorded for slowly spinning samples by

o . where Ao is a root-mean-square instantaneous change in
utilizing Herzfeld and Berger calculatio. q g

chemical shift produced by change in spatial orientation. In the
3. Theoretical Background following, the motion of the carbonyl carbons will be described
in terms of random jumps between two equilibrium positions

Line-broadening mechanisms in glassy polymers have alreadyby using the spectral densty

been reviewed® Some of them, the static ones, i.e., bulk
susceptibility of the sample, chemical shift dispersions due to 7o
packing effects, bond distortions, and conformational inequiva- J(w) = KB—22 (5)
lence, induce only a relatively small effectiTored 2, on the 1+ o

order of 2-6 ppm. More important are the line broadenings

arising from relaxation mechanisms such as motional modulation With the same definition for th& andK coefficients as in eq
of the dipolar carborproton coupling (7T2m) 2, and motional 3. The calculation ot was performed within the assumption

modulation of the chemical shift anisotropy (CS&)YT2s) L. of the weak collision model, i.e., in the temperature range above
Therefore, in the general case, the observed line width at half- the temperaturd@mi,, where the minimum of; is observed.
height may be written as: In the presence of local motions, the motional averaging of
the 13C—1H dipolar coupling can also be investigated by using
Av. . = 1 n 1 n 1 _ 1 1) ty» measurements that are based on the rises ofl%@e
12 AT pres Aoy AT, @, magnetization in cross-polarization experiments with very short

contact timed’ Values ofty/; as short as 1#s for a CH group

For carbons having a strong dipolar carbgmoton coupling or 20us for a CH group are indicative of rigid-lattice behavior.
(protonated carbons) under suitable conditions of magic-angle Longer values are evidence for a reduction in dipolar coupling
setting and proton-decoupling irradiation, the main cause of by motional processes with frequency of the order of or higher
motional line broadening is the modulation of the dipdf@— than 16 Hz’
1H coupling. This mechanism gives a maximum line broadening
when the rate of molecular motion is equal to the proton- 4- Results
decoupling radio frequency field strengtl;n, expressed in 4.1. Poly(dimethylitaconate).Poly(dimethylitaconate) is an
angular frequency units. For motions with correlation times in interesting sample to begin with, as its side chain is the shortest
the range from 1 to 107 s, the corresponding line broadening in the PDAI series. MAS/CP/DBC NMR spectra of solid
may be much larger than the one due to the static effects. UnderPDMI as a function of temperature are plotted in Figure 1. They
the conditions where the proton irradiation is applied exactly consist of several lines that were identified on the basis of
on resonance and where the sample spinning rate is muchprevious result$®1® The line assignment is summarized in
smaller than the proton-decoupling field strength, the transverseFigure 1. As shown on this figure, tHéC line widths of each
relaxation time resulting from this mechanism and contributing carbon of the repeat unit are strongly modified on vary&ﬂgv
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Figure 1. MAS/CP/DD*C NMR (75 MHz) spectra of solid poly(di- T ( C)
methylitaconate) at different temperatures. ;I'he spectral assignments 25
the spinning sidebands) Inter. Chemcal formule of PO - o o o o
o ' - (b) COO
temperature. In the following part, the temperature dependence 2L .
of the different lines will be described. We will start from the [ o ooy e o]
end of the side chain (methyl group) and then move step by oo -
step toward the main chain. g e 050"

OCHs. At the lowest temperature investigatedl(03°C) the & L5t (- "o [ Ty
line due to the methyl carbon is relatively broad, in sharp HN I g™ " '-_ -
contrast with the narrow line that is observed at high temper- L T "
ature. At each temperature, the transverse relaxation fige, 1 -
was deduced from the line width at half-height by using eq 1, i a” ]
and the data thus obtained are reported in Figure 2a.Tkhe o S
curve shows indication of a relative minimum in the temperature Fio 180 170 160 um
range between-10 and 10°C, which suggests that the motional 0.5 R Lees ﬁ‘ ]
modulation of the dipolar carbefrproton coupling is maximum 2200 -100 0 100 200
over this range. Therefore, in this temperature range between
—10 and 10°C, the methyl groups of PDMI are involved in T (OC)

molecular motions at a frequency close to the proton-decoupling rigyre 2. Transverse relaxation times;, of (a) the OCH carbon
field strength expressed in frequency units (ca. 83 kHz). For and (b) the CO@ (M) and COQ (O) carbonyl groups in poly(di-
higher temperatures and up to 120, the rate of molecular ~ methylitaconate) as a function of temperature. Arrows indicate the
motion of these units increases and a line-narrowing follows 305'“0” of the dflfferﬁnﬂ'z ”E)'”'mf"l-.'”sa '”883) displays the line shape
on the3C NMR spectra as th&C—'H dipolar interaction is ecomposition for the carbonyl lines at 8¢.

motionally averaged. A second minimum is then observed at . . .
154 °C that can be associated with a second motional processcemered on the chemical shift determined from the room-
of the OCH units at frequencies of the order of 83 kHz. It temperaturé3C NMR spectrum. The temperature dependence

must also be noticed that, at very low temperatures betweenOf TZ _for bOth_ c_arbonyl gr_oups_is shown _in FiQU(e 2b. They
—103 and—25 °C, a slight decrease of tHe values occurs. It exhibit two minima. The first minimum, with relatively weak

corresponds to a line broadening of 10 Hz and can be, therefore 2MPlitude, occurs arouné25 and 21°C for the COQ and
attributed to inhomogeneities in the static magnetic field (we COO:carbons, respectively, implying that, at these temperatures,
checked that a glycine sample displays a similar line broadeningthe frequency of molecular motions is of the order of the
in the low-temperature range). As a consequence of this SPINNINg speed (ca. 6.5 kHz). It can be seen in Flgure 1 that the
experimental effect, the increaseTfdue to molecular motions peaks for the carbonyls are very well-defined in this temperature
below the first minimum for OCHlis hidden. range, and a realistic error for the values would be of the
COO. The repeat unit of PDAI's contains two carbonyl order of 2-3% in this range. The second minimum, of larger
groups that are denoted as CQ¥d COQ (see formula given amplitude, is located around 180 for both carbons. This result
in Figure 1). The resonance lines due to these carbons are locatethdicates that, above 15€, all the carbonyl units are involved
at 171.1 and 174.9 ppm, respectively. Whereas, at low temper-in molecular motions with frequencies superior or equal to
ature, they are reasonably well-resolved, the lines are so06.5 kHz. It can also be noticed that tiig decrease around the
broadened above 10TC that the resolution has completely high-temperature minimum is more important for CO®an
disappeared (Figure 1). As mentioned above, the line broadeningfor COQ.. As the transverse relaxation time is inversely
for such unsaturated carbons is dominated by motional modula-proportional to the part of the second moment that is modulated
tion of the chemical shift anisotropy. To determine the transverse by the motion, it can be concluded that the motional contribution
relaxation times, the broadened CQ&nd COQ lines were to the line width is larger for COR As previously suggested,
decomposed using Lorentzian functions (see inset in Figure 2b)the presence of a GHspacer unit between the main chain %‘BV
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Table 2. Principal Components of the PDMI COO Chemical Shift 80
Tensors at Low Temperature rrrrerTTr

®) g

T(°C) 011 022 033

CoQ, -98 -91 25 66
CH3COOCH; (Mehring?) -140 -85 22 62
coG, -98 -89 26 62
HCOOCH; (Mehring??) -186 -88 29 58

D
(=]
—T—
om
1

the carbonyl group, tends to increase the mobility of the carbonyl
group.

The line broadening observed around P80for the OCH,
COQ, and COQ units leads to a spectrum collapse, charac-
teristic of amorphous polymers at the glass-transition temper-
ature?® Above Ty, the'3C—1H dipolar coupling and the chemical
shift anisotropy are strongly averaged by fast motions of the O
polymer and the line widths decrease. Note also that, because
of the local motions of the chain, the cross polarization at high Y S S ST T
temperature is less efficient, leading to a sensitivity loss over -150 -100 -50 0 50 100 150
the full 3C NMR spectrum (Figure 1).

Turning now to the independent determination of the chemical T (°C)
shift anisotropy, thé*C NMR spectrum of the COgand COQ Figure 4. (a) Principal values of the chemical shift tensor derived

cgrbor_]s, r_ecorded at 2& with a spinning s_peed of 1.2kHz,is  from standard procedut@ui: (a, A), o2 (W, 0), andos; (@, O): empty
given in Figure 3 as an example. The principal values of the and filled symbols correspond to CQ@nd COQ units, respectively.

chemical shift tensors, determined from the spinning sideband (b) Temperature dependence of the oscillation amplitudeof the
intensities at very low temperature by using Herzfeld and Berger PPM! COC: (W) and COQ () units.

calculations}?2 are summarized in Table 2. They are in good ) o
agreement with values measured by Meh#nigr the COO whereoss(T)_ corresponds to the most upflglc_i tensor principal
group of methyl acetate. As shown in Figure 4a, on increasing V&lue at a given temperature ang(0) is the rigid lattice value,
temperature, the chemical shift anisotropy of the GQ@@d which has been taken here as the value determined at the lowest

COQ, carbons decreases, indicating that the chemical shift l€mperature investigated. As can be observed in Figure 5, the
tensors are partly averaged by local motions. The oscillation dynamic order parameter is equal to 1 within experimental error

amplitude of the carbony! groups, calcul@¥ddom data reported fqr temperatures Iowgr than 7C. It decreases fqr temperatures
in Figure 4a, is displayed in Figure 4b as a function of higher than 70°C, i.e., at temperatures hlgher than the
temperature. We can note that, at the temperatures for whicht€Mperature range of the low-temperature relaxation of thed~OO
the T, minima are observed at low temperature (arrows in Figure @1d COQ carbons.[P.llis equal to 0.75 at 121C, which is
4b), the oscillation amplitude is of the order 420 °C. This close to thea relaxqtlon temperature at the frequ_ency of the
result supports the existence of the low-temperafamginima present NMR experiment. This result shows that, in agreement
observed in Figure 2b. In this context, the low-temperature With results reported by Bord&son poly(methyl methacrylate)
relaxation of each carbonyl group can be described in terms of (PMMA), large-amplitude motions of the carbonyl groups
oscillations around the €Cegeraxis, which links the side chain ~ "équire a S|gn|f|cant.reorlenya.tpn of the local maln-ghaln axis
to the main chain. At high temperature, the motional behavior that can only occur in the vicinity of the glass transition.

of the carbonyl groups was investigated in more detail by using . Main Chain Another interesting feature, observed on increas-

the dynamic order parametéR,[] defined by Kulik et aP3 as ing temperature, is the chemical shift variation of the lines
’ associated to the quaternary carboff)(@d methylene group

0o(T) — 0, (CHZ#) of the main chain, and to the methylene spacer group
0= > *° (6) (CH,COO). Figure 6a displays thEC NMR spectra in the
033(0) — 0is, chemical shift region of interest at different temperatures inélbev
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<
<
| |
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Figure 5. Dynamic order parameteiP,[] calculated from the chemical

shift anisotropy of the COQ(M) and COQ (O) carbons in PDMI as
a function of temperature
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Figure 6. (a) MAS/CP/DDC NMR (75 MHz) spectra of solid poly-
(dimethylitaconate) at 25, 100, 120, and @D (from right to left) in

the region of the € CHZ#, and CHCOO carbons. (b) Chemical shift
variation of the corresponding carbons as a function of temperature:
data obtained for the OGHarbon are added for comparison.

range from 25 to 190C. As illustrated in Figure 6ba 2 ppm
variation of the @ chemical shift is observed over the whole
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temperature range investigated,wé 1 ppm increase between
100 and 12C°C. The chemical shifts of the Gfland CH-
COO methylene carbons are determined by fitting each reso-
nance peak by a Lorentzian function; they exhibit a strong
increase of about 5 ppm between 110 and 160Note that,

for the CHCOO methylene carbon, the large shift of the
resonance peak toward lower field leads to the merging of this
line with the C* line above 165°C. For comparison, the
temperature dependence of the chemical shift of the methyl
carbon is also shown in Figure 6b. The chemical shift variations
observed for the three main-chain carbons are clearly indicative
of conformational changes of the main-chain or adjacent side-
chain bonds with a motional frequency that may be estimated
to 75 Hz for & and to 375 Hz for the CH and CHCOO
units, based on equations describing site exchange in RIMIR.
Moreover, the appearance of the onset of motion at the same
temperature for the CA and CHCOO methylene carbons
strongly suggests the existence of correlated motions for these
two units in the temperature range of interest. A classical
interpretation of thé3C chemical shift variation as a function

of temperature is provided by the conformationally sensitive
y-gauche substituent effet&lt has been demonstrated that the
orientation of the central €C bond between a given carbon
and itsy substituent strongly affects the chemical shift of the
observed carbon. For example, a gauche conformation may lead
to a shift of the'3C resonance peak toward a higher field up to
5 ppm. Unfortunately, in the case of PDMI, the quaternary
carbon holds no less than eightsubstituents. The CA and
CH,COO units have six and threesubstituents, respectively.
Therefore, the detailed interpretation of data reported in Figure
6 in terms of conformations and conformational changes is not
an easy task. A similar difficulty was previously reported for
PMMA,?” whose chemical structure is close to the PDMI
structure. By using ab initio calculations, Born and Sgiedil

not get a good agreement between PMMA experimeltal
chemical shifts and calculated data. Such a discrepancy was
explained in terms of strong sterical constraints that determine
the values of the bond and dihedral angles of the PMMA main
chain and, therefore, strongly affect th€ chemical shifts in

a way that dominates the classigajauche effect.

In addition to the line-width investigation, the temperature
dependence df, was determined for the two methylene units
in the main chain. They, values obtained for the Gfiand
CH,COO carbons are shown in Figure 7a. Between room
temperature and 16%C, they are equal to 1is, which is the
rigid-lattice value for CH groups. This result indicates that the
CH, carbons do not undergo local motions at a frequency equal
to or higher than 10 Hz in this temperature range. Above
165 °C for CHY, there is a clear reduction of the strength of
the dipolar coupling, indicating the existence of motional
processes of the main chains in thé Hx region. At 188°C,
the values obtained for the/ti>—rigia ratio can be interpreted
in terms of correlated conformational junipsvithin the main
chains.

4.2. Poly(din-propylitaconate). MAS/CP/DD 3C NMR
spectra of PDPI recorded at various temperatures are plotted in
Figure 8, which also includes the spectral assignment and the
chemical formula of PDPI. As observed for PDMI, on varying
temperature, the spectra exhibit strong variations of the width
at mid-height and of the chemical shift of the main-chain
carbons.

As shown in Figure 8, the resonance lines associated with
the CH; and CH carbons at low temperature are much broader
than the lines recorded at 14%, and between these tWC?DV
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400 : : : l ) at diff h | assi
L ] are shown on thé’C NMR spectrum at-114 °C (asterisks indicate
(b) . - the spinning sidebands). Inset: chemical formula of PDPI.
300 L ¢ ] The temperature dependenceTeffor the OCH carbon is
1 plotted in Figure 9b. Two minima are observed in thg
— | curve: a first minimum with low amplitude around114 °C
%_ X . and a second minimum with stronger amplitude at ®21Each
= 2001 . 1 minimum is associated with motions whose frequencies are
g 1 of the order of 83 kHzt;/, values for the OChland CH units
A . X x ] of the PDPI side chains are plotted in Figure 7b as a function
100 . 1 of temperature. For both carbons, the room-temperatire
- R ] is higher than the rigid-lattice value and attests to a signifi-
¢ x X ] cant mobility of the side chains at this temperature. This result
x x x x X 1 is in good qualitative agreement with the present line-width
()] P P P measurements, which show the existence df,aminimum
0 50 10 150 200 around—114°C for these carbons. Beyond room temperature,
o the movements develop progressively as shown bytihe
T ( C) increase, and this increase becomes faster at temperatures higher
Figure 7. Temperature dependencetgf measured for (a) the G than 100°C. o )
(O, 0) and CHCOO (@, W) carbons in PDMI and PDPI, respectively, As can be seen in Figure 8, the lines for the G@od COQ

and (b) the OCHI(x) and Ch (#) side-chain carbons in PDPI. The  carbons are poorly resolved. In the high-temperature range, the
dotted line indicates the value b, in the absence of motions. NMR spectra are very noisy and, therefore, data above’ €20
were not used in the following. Below 12C, the NMR spectra
were decomposed using two Lorentzian functions in order to
btain the individual relaxation times at each temperature. The
T, curves in Figure 9¢ show a minimum with strong amplitude
for the COQ and COQ carbons around 98 and 11,

- . ) .. respectively. Although the minima in the high temperature side
respectively. Properly speaking, we are not observing a mini- are defined by only one or two points, the difference in the

mum at—114°C, as this is just the lowest temperature for which - 5 ity de between these points is high enough to be confident
we have data and the minimum may be located at even lower ahqt the existence of the minima. As the precise position of
temperatures. However, it has to be emphasized that we aréne peaks is determined from the room-temperature spectrum,
going toward & minimum on decreasing temperature, i.€, We the error bars fofl, take reasonable values:{5%), even in

are observing the development of a molecular motion for these the 116-120°C temperature range where the sensitivity of the
units. Here, and in the following, we will assume that the gpectra tends to decrease. Close to the minimum, the decrease
position of the minimum is close t8114°C (we will see later  of T, is more significant for the COgxarbon. As for PDMI, it

that this hypothesis is corroborated by our previous dielectric jndicates that the motional amplitude is larger for the carbonyl
study’). As discussed above, the modulation of the carbon group, which is separated from the main chain by & QHit.
proton dipolar coupling by the motion is maximum whagds For COQ, a second ill-defined minimum can be detected around
minimum, and at the corresponding temperaturekl4 °C and —50°C. In the temperature range fror50 to 10°C, the width
around 110°C), the motional frequency is of the order of of the line associated with this carbon increases by 12 Hz. No
83 kHz. It must also be noticed that, in both cases, the amplitudeindication of a second minimum can be seen for the GOO
of the minimum at low temperature is significantly higher than carbon for which theT, values in this temperature range are
the broadening due to inhomogeneities in the static magneticnearly constant. It must be observed that the decrease @%the
field. values, common to both COO carbons belewO °C, corre-CDV

temperatures, intermediate characteristics are observed. Th
variations ofT; as a function of temperature are plotted in Figure
9a for these two carbons. They exhibit two minima around
—114 °C and in the temperature range from 100 to £20)
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Figure 10. Experimental (a) and simulated (b) 75 MHz MAS/CP/DD
13C NMR spectra of solid poly(di+hexylitaconate) at different
temperatures. The spectral assignments are shown ofGhNMR
spectra at-103 °C (the asterisks indicate the location of the spinning
sidebands in (a)). Insets: (a) chemical formula of PDHI, (b) assignment
of the side-chains methylene carbons in PDHI.

additional effectT, variations resulting from molecular motions
of the COQ group are hidden below50 °C.

Concerning the main-chain carbons, a clear chemical shift
variation with temperature toward lower field was observed for
C*, CH, and CHCOO. In the investigated temperature range,
the variation of the chemical shift is of the order of 3 ppm for
Ce, with a 1 ppm variation in the temperature range from 48 to
76 °C. The frequency of the motions observed in this region is
of the order of 75 Hz. For CH and CHCOO, a 5 ppm variation
takes place between 54 and 8, indicative of molecular
motions at frequencies of the order of 375 Hz. It must be noticed
that the CH? and CHCOO chemical shifts share similar
temperature dependence, suggesting that these two carbons are
involved in correlated motions, as already observed in PDMI.
The temperature dependencegffor the two methylene units
of the main chain is shown in Figure 7a. The values are
equal to 17 us within experimental error between room
temperature and 12T, which indicates that the GHand CH-
COO carbons do not undergo any local motions at a frequency
equal to or higher than 2@z in this temperature range. Above
121°C, there is a clear reduction of the strength of the dipolar
coupling, indicating the existence of motional processes of the
main chains in the FHz region. At 143°C, the values obtained
for the ty/J/t12—rigig ratio indicate the existence of correlated
conformational jump®¥ within the main chain. It is also
interesting to note that, at a given temperature,tihevalues
in PDPI and, therefore, the amplitude of the molecular motions,
decrease from the end of the side chain to the main chain.

4.3. Poly(din-hexylitaconate). MAS/CP/DD 13C NMR
spectra of PDHI recorded at various temperatures are shown in
Figure 10, together with the spectral assignments and the
chemical formula of the polymer. The spectra exhibit two
modifications on varying temperature: a variation of the width
at mid-height for all the carbons in the repeat unit and a variation
of the chemical shift of the quaternary carbofi C

At —110°C, the peaks associated with the alkyl side-chain

sponds to a broadening of about 10 Hz that can be associateccarbons are so broadened that the resolution has completely

again to inhomogeneities of the static field. Because of this disappeared (see Figure 10b). On the opposite, &C37the

Ccbv
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lines are narrow and well resolved. This important line- 20 e S S S
broadening for the aliphatic carbons in PDHI is a clear indication -
of the modulation of the dipolar interaction by molecular :(a) (QHz)i and QH3A |
motions of the side chains. To determifig= (wAvy,) ! for 16 | B B -
the (CH); and CH units, the composite line was decomposed - 1
into five Lorentzian functions centered around the chemical i ‘LA $ N ]
shifts determined at high temperature. This decomposition is » 12 AN A -
shown in Figure 10b. There, it can be seen that the individual é [ AA‘ ]
lines related to the methylene units are well-defined and the
error bars forT, in the temperature range between 0 and®0 —
are of the order of 2%. The highest accuracy is obtained for i A ¢ v
the methyl groups, as the corresponding line is isolated on the
full temperature range. The temperature dependencésfof I
the individual side-chain methyl and methylene carbon lines L ABS Lahd '9'
are plotted in Figure 1l1a. They all exhibit a minimum at a 0 1
temperature equal to or lower thanl14 °C and a complex
temperature behavior at higher temperatures, which suggests -200 -100 0 100 200
the existence of several motional modes. The clearest results T (OC)
are observed for the GHcarbon, which shows two minima
around 20 and 55°C that indicate molecular motions at 1S porverirer e e NN
frequencies of the order of 83 kHz. In the same way, the carbon L (b) OCH X ]
line for the OCH carbon shows broadenings that are dominated [ ) ]
by the modulation of the dipolar coupling (Figure 11b). Two 1.4} xx 5
T, minima are observed: a first minimum in the vicinity of 3 X 1
—114°C and a second minimum with stronger amplitude at A
65 °C. Although not well-defined, a third minimum can be seen
around 31°C. These minima are again associated to motions X
with frequencies of about 83 kHz. S I . % ]
" ]

T_(ms)

Figure 11c shows the temperature dependenc@s fofr the F X
individual lines obtained by decomposing the carbonyl line into L X
two Lorentzian functions. They exhibit a single minimum 1.1 T
located at 54 and 68C for COQ, and COQ, respectively. The [ x 1
broadening observed from80 to —114 °C is of the order of 3 xX .
10 Hz and can be associated to inhomogeneities of the static Looeeiss Leviuna, Livass 'T‘ TR ]

1
field. -20 -100 0 100 200

Finally, the ¢ chemical shift variation is of the order of 2 T (oC)
ppm toward the lower field in the temperature range investi-
gated. A chemical shift variation of about 1 ppm is observed
between 9 and 31C, which indicates conformational changes <[ 77T rrTTTTTT rrTTTTTT T
in the main-chain or adjacent side-chain bonds. (C) COO ]

In PDMI, measurements of the dynamic order parameter 3 oOmgo™o 1
associated with the carbonyl carbons (Figure 5) show that large- 1.6 + oo .! e .
amplitude motions of the carbonyl groups require a significant r am O 1
reorientation of the local main-chain axis that can only occur g r
in the vicinity of the glass transition. Figure 12 displays results & 12 I " o "
obtained forlP,[]in the three PDAI's investigated. For all the VN = 8 o
samples, the dynamic order parameter decreases as the tem-p— | - O
perature increases, i.e., as it goes toward an isotropic motion. L u |
However, close to and abovg, [P.[still displays remarkably 0.8 "0 ;|
high values for both carbonyl carbons. In a similar way, Kulik L m 0
et al® reported unusually high values @[] at temperatures : "an
well aboveTy, for the carbonyl carbon of poly(ethyl methacry- r . [ A [
late) (PEMA). This result was explained in terms of an S e e e
anisotropic motion of the PEMA chain and of a residual order -200 -100 0 100 200
aboveTy due to extended chain conformatigiiSuch a residual T (OC)

conformational order was also observed with a smaller extension £ 0T laxation fimeBy, of (a) the CH (), CHY

H 23 H H igure . lransverse relaxation timesg, Of (a, e A), 73
n PM'\QA' F.lf Well;se these concl:llésmrr:s t?] |ntﬁ-rpret dgta (a), CH" (®), CH" (v), CH (¥) carbons, (b) the OCktarbon and
reported in Figure , we can conclude that the chain motions (c) the COQ (W) and COQ (00) carbons in poly(dir-hexylitaconate)

in PDAI's are anisotropic and that a substantial conformational as a function of temperature. Arrows indicate the position of the
order is present in the molten state. As previously obset¥ed, different T, minima.

this phenomenon depends on the side-chain length. Indeed, at

a given distance froriiy, [P,lldecreases from = 1ton = 6. NMR study, Wind et af? showed that poly{-alkyl methacry-
This result emphasizes the importance of the side groups onlate)s retain conformation memory, leading to an additional
the overall dynamics of PDAI's. Finally, note that, in a recent slowest processgotropization of the main chajras compare%DV
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to the usualj relaxation reported so far. It is reasonable to

think that the same behavior would occur in PDAI's. Figure 13. Relaxation map for PDMI (a), PDPI (b), and PDHI (c),

including the NMR results obtained from minima @) and calculated
correlation times[{), and the dielectric data (*) from ref 9.

5. Discussion

From theT, determinations for the different carbons of the 5.1.y Relaxation. The y relaxation was detected by using
PDAI samples, it is possible to derive the correlation timegs, solid-state'3C NMR for PDAI's containing three carbon atoms
by using egs 2 and 4 for protonated and unsaturated carbonsat least in the side chains. From the comparison of NMR and
respectively. The prefactor in both equations was determined dielectric data reported for PDPI (Figure 13b) and PDHI (Figure

by using the relationshipz. = 1 which applies at thel, 13c), it can be concluded that theprocess is clearly due to
minimum. Note that, becausg is calculated from the values  motions of the alkyl units in the side chains and that its position
of Tom (Or Tyy), it is Nnecessary to subtract tigescontribution does not depend of the side-chain length, in agreement with

that corresponds to the residual line width due to static effects. other authors.”:3° Here, we would like to emphasize that the
The Tares contribution was obtained from the plateau value position of the lowT minima, which we took at-114 °C for
observed in th&, variations versus temperature. The frequencies the alkyl units in PDPI and PDHI, is in qualitative agreement
v = (271c)~! deduced from the variou$, minima andz, with the position of the dielectric data. Moreover, the slight
calculations are plotted in Figure 13 for PDMI (a), PDPI (b), discrepancy that we can observe in Figures 13b and c indicates
and PDHI (c). These relaxation maps include dielectric spec- that the NMR minima should occur at a slightly lower
troscopy results from our previous stdayn these systems. They temperature than-114 °C, which could not be assessed
lead to the following identification of the moving units involved experimentally. The molecular origin of the low-temperature
in the different relaxation processes initially characterized by relaxation was recently investigated for two poly(déhloro-
dielectric spectroscopy: alkylitaconate)s by using molecular mechanics calculaﬁérEDV
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Results obtained by Sanchis efakhow that thes relaxation

is a localized noncooperative rotation around the centreCO
C—Cl or C—C—C—CI sequence, with an energy barrier of
25.2 kdmol~! that can be compared to the apparent activation
energy obtained for PDPIEap, = 16 = 5 k¥mol™! and

24 k3mol™! from the present NMR and previous dielectric
spectroscopy resulfstespectively.

5.2.Brast OF o Relaxation. For the lower derivativen(= 1
andn = 3), the dielectric spectroscopy resglttemonstrated
the existence of a noncooperative process, cgiigd This
process was previously described by Diaz-Calleja €t By.
comparing thefs: relaxation in PDMI to the transitions )
observed in poly(methyl methacrylate) and poly(monomethyl 6- Conclusions
itaconate), the authors attributed thgs relaxation in PDAI's The present study of poly(di-alkylitaconate)s with various
to motions of the ester group separated from the main chain by side-chain lengths illustrates the ability of high-resolution solid-
a CH, unit. The correlation times determined selectively for state NMR to selectively identify the various motions that are
the COQ carbonyl group motion by using solid-stdf€ NMR involved in the mechanical and dielectric transitions of these
(see Figure 13a and b) strongly support this identification. The polymers: only the spectral lines of carbons belonging to the
apparent activation energy deduced from NMR for PDMI is 38 moving part of the molecule are affected and permit a clear

In a recent effort to corroborate the attribution of ¢& process,
Hiller et al3” determined the half-width at mid-height for the
main-chain and side-chain Gldarbons of polyg-decyl meth-
acrylate) in MAS/CP/DDC NMR spectra. The temperatures
of the maximum broadening were inserted in an Arrhenius plot,
and the points associated to the main chain and the side chain,
at the observation frequency of the NMR measurements, were
found to match with the glass transition and & process,
respectively. These results emphasize the close similarity that
exists between thePE process observed in the higher paly(
alkyl methacrylate)s and the- relaxation of PDAI’s.

+ 13 kImol™?, in good agreement with the value reported by
Diaz-Calleja et al?,Espp= 41.5 kImol~2, and with our dielectric
spectroscopy dataFap, = 41 k3mol~2. In the case of PDPI,
the NMR data are slightly shifted toward higher temperature

interpretation of the motions. Thetransition is clearly due to
localized motions within the alkyl part of the side chains. The
Prast relaxation involves motions of the CQ@roup separated
from the main chain by a CHunit, whereas thgsow relaxation

compared to the dielectric data. However, the apparent activationcan be assigned to motions of the carbonyl group directly

energies determined from NMME{,, = 38 + 5 kI}mol~?) and
from dielectric spectroscopy50 kImol~1) are in good qualita-
tive agreement.

Turning now to the higher derivative (PDHI), a relaxation
process ¢-) with the typical features of a dynamic glass
transition (non-Arrhenius behavior and cooperativity) was found
by dielectric spectroscofyin the same temperature and
frequency ranges as the previously discuségd process. In
Figure 13c, the NMR results clearly show the contribution of
the alkyl side-chains units in the- relaxation, and we can note
that this result is in agreement with a previous investigation on
poly(di-n-octylitaconate$? However, in ref 9, we demonstrated
that thea' relaxation in the derivatives with six carbon atoms

at least in the side chains involves both the alkyl side chains

and the CO@groups. As a matter of fact, the NMR results do

bonded to the main chain, CQQn PDAI's with long alkyl

side groups, the present NMR results support the nanophase
separation picture characterized by the existence of two coexist-
ing glass transitionsyt andaV. The ot relaxation appears to

be associated with the cooperative motion of the whole alkyl
side chains, together with the carboxyl group of the side chain
next to the CH spacer unit. TheV relaxation corresponds to
the onset of motions involving the main-chains units and is
decoupled from thex" process. The results discussed in this
work are in good agreement with our previous dielectric
relaxation study and give a deeper insight of the motional
behavior of these polymers in the solid state.
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not show any contribution of the carbonyl group to this process Watt University, Edinburgh, Scotland) for their kind gift of

(see Figure 13c). It is very likely that the amplitude of the motion
of this group is too low to be detected by NMR. Indeed, it is

reasonable to think that an increase of the side-chain length up

to n = 6 may lead to a slowing down of the C@@Qynamics.
5.3.Bsiow Relaxation. From the results reported in Figure 13a

for PDMI, the SBsow relaxation can be assigned to motions of

the carbonyl group directly bonded to the main chain, GOO

In PDPI and PDHI, this process is not detected because, at such

high frequencies 10* Hz), the Ssow relaxation and thex
relaxation mergé.

5.4. o or aY Relaxation. In the three samples, the NMR
results nicely show that all the chemical units, and in particular

the main-chain units, are involved in the segmental relaxation.
The agreement of the correlation times with the dielectric data

is excellent, and the NMR data reproduce very well the typical

WLF behavior expected for the glass-transition phenomena.
Finally, it is interesting to consider the additional relaxation

process observed in the higher paohglkyl methacrylate)s at

temperatures below the conventional glass-transition tempera-

ture. This process was initially reported by Beiner etaff as

the oPE process and associated with motions of the alkyl side
chains. ThexPErelaxation exhibits some common features with

the ol relaxation in PDAI's, except that it does not exhibit a

dielectric activity because no dipole reorientation is involved.

PDAI samples and helpful discussions.
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