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ABSTRACT: A novel NMR approach for the study of gelation in flexible polymer systems is presented, and the
data are compared to results from rheological and light scattering experiments. Proton multiple-quantum NMR,
also applicable at low field and amenable to high-throughput experimentation, represents a simple and robust yet
powerful method that allows one to detect the topological gel point, quantify the gelation kinetics, and characterize
composition, microstructure, and dynamics of the forming and the final gel. Applications to end-linked and
statistically cross-linked poly(dimethylsiloxane) chains in the bulk, as well as statistically cross-linked poly-
(styrene) chains in solution are presented, and good agreement as well as complementarity between the results
from the different methods is found.

I. Introduction reaction via observing the chemical conversion in a network
dforming system by means of methods providing chemical-shift
resolution®19an observable that exhibits the required sensitivity
to the specific changes in tllnamicof a percolating structure

is harder to identify. High-resolutiorT; relaxatiot! and

Gelation phenomena are abundant in polymeric systems, an
their understanding is a matter of vast significance for industrial
applications as well as acadenidhe topological gel point,

defined as the extent of reaction above which a perCOIated’diffusion NMR!2 have been applied to detect changes in the

infinite network forms, may be estimated by a number of simple very fast short-rance and verv slow long-range  mobilit
mechanical tests. On the other hand, the understanding of how Y 9 y 9 9 Y

the gel point is reflected quantitatively in the rheological ;eigfg;gﬁgﬁ%ﬂetﬁgnmg C%?,E)Ozen;gg:jamﬁﬁt;%nndgf) ﬁiXhh't_)'t
response or more local structural and dynamic properties, as gel point. A 9 g

for instance measured in scattering experiments, has been éesqlutlon proto_n NMR IS, however,_ that the actually form_ed
matter of active researdh® gel is not quantitatively detected as it features very broad lines

. . . . due to rather short transverse relaxation times.

Using low-amplitude oscillatory shear experiments, Chambon The protonT, behavior has long been known to reflect
Ezﬁ(géﬂgﬁgfgjétgt:se ;\gig\:/h?k:;hsi;\rs:grzg\?v:rrjgx T)Serr:;c\)/?gr“a?[f structure and dynamics of mobile polymer networks and
the gel point over large frequency ranges, over which the loss geld>— an;l should eXh'b't.a better sensitivity to the actual
tangent tand = G'/G' is consequentl;} independent of (us to ms) time scale of chain fluctuations related to entangle-
frequency?* The power-law exponent, which supposedly ments or cross-links, and thus to the gg! point. In fact, in very
depends on the fractal dimension of the incipient gel, was later ei:zn\{rvgrskslotgee\tsgi\ﬁ?rﬁﬂgigttN?)r:kav?/gglggrz'irléIZPeodT%avictcr)]Tr;e ol
related to the power-law exponent found in the time correlation point13 and more recent examples of the observation %f
function of dynamic light scattering experimeffsin the latter point, P

. . . qualitative changes in th&, behavior upon gelation can be
type of experiments, the gel point can be defl_ned as the ext(?ntfound inrefs 16 and 17. We here present a method that is based
of reaction above which such a power law is detected. It is )

accompanied by the appearance of strona spatial intensity®" similar principles, but features a direct single-point detection
P y ppeara g spatia Yof the gel point and thus avoids the measurement and decom-
fluctuations (speckles), indicating the loss of ergodiéityin

this paper, an NMR approach is presented that gives results forpOSItlon of complete relaxation curves.

the gel point that are consistent with rheology and light scattering V\t/e m"’!"e ustg ﬁf thellzjai:.tkthallt t.h € tNM.R rltla spon;? of nletwork
while being technically undemanding and quick. systems 1S partially sofid-like. in 1sotropically mobiie polymer
. . . . solutions or melts, orientation-dependent interactions that would
The gel point is not straightforwardly reflected in NMR in

T i dominate the spectral response of rigid solids are averaged out
general. While it is of course easy to monitor the extent of completely and are thus undetectable. Yet, chain segment
fluctuations are not completely isotropic in networks because
* Corresponding author. E-mail: kay.saalwaechter@physik.uni-halle. of the constraints posed by the cross-links, leaving wesaidual
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FID detection
%| I (¢’DQ or ¢ref)

An important feature is that residual interactions are generally
fluctuating quantities that give rise to a complex interplay of z
dephasing and relaxation effects, but become stable over long

T T T " i s
% |, ZleyZl-x  DQ excitation DQ reconversion

. : " ) I 180°
observation times upon transition from linear polymers (or ¢y iy+180 j;'d, 4’”:&{1, I—N loce
monomers) to an infinite gel structure, where they are known =255 T = 21, oa=2f, 105 |
to reflect the macroscopic elastic properties of permanent average/evaluate

networks!® We thus focus on the direct detection of residual

proton—proton dipolar couplings and show that they constitute _. -,

. . he gelation brocess in a uantita_Flgure 1. Pu_Ise'sequence for MQ spectroscopy on a B_ruker minispec.
a sensitive means to monitor the gelation p quantita-the pQ excitation and reconversion blocks are identical and consist
tive fashion. This includes the determination of the gel point, of two cycles each of the pulse sequence described in ref 32. Their
gelation kinetics, and the microstructural characterization of the base phasey, to which the specific pulse phases are to be added, is
gelling system. As to be demonstrated, NMR is in this regard inverted for the second cycle. The DQ selection phase cycle is realized

. - via the incrementA¢. The initial four 90 pulses comprise a robust

complementary to rheolo_glcal O'f scatterlng m(_ethods, yet Fhe and accurate composite-pulse inversion that is controlled by the phase
method proposed here relies on simple low-field instrumentation ¢ycle.

with only minimal demands on sample preparation, and it

simultaneously provides access to a number of important NMR experiments, stock solutions of 625 mg RSAMS) and
variables such as the chain length between cross-links and thez6.75 mg terephthaldialdehyde in 10 mL and 5 mL of toludge-
composition of the gelling sample. respectively, were prepared. These were combined in the stoichio-

A variety of NMR experiments, most of them based on spin Metric volume ratio of 4:1 in NMR tubes< ¢ = 0.05 g/mL),
echoes, has been used over the last decades to detect residu%'“ted agge%‘f\;lrsdt tg alwﬁyi gve a ;'Inal V%Iutme Off 1 rth mtha
proton dipolar interactions in polymeric systeft?-25 and also mm 'R tube, shaken quickly, and transierred to the

: . 28 g spectrometer within less than 1 min.
to monitor the gelation proces%.28 In this respect, Cohen-

Addad’s “ d lid” spi h hich direct Rheology. Oscillatory shear measurements were carried out at
ad’s ‘pseudosolid” spin €choes, which are a direct means ., temperature with a CarriMed CLS50 constant stress rheometer

to detect residual_co_uplings, have been shown to qual_itatively (CarriMed Instruments Ltd., Dorking, U.K.) using a cone-and-plate
reflect the cross-linking proced%Recently, proton multiple- geometry.

quantum (MQ) NMR® has evolved as an even more powerful ~ pynamic Light Scattering. DLS measurements were performed
tool.30-32 While the most elementary realizations of this type at 25°C on an ALV/CGS-3 compact goniometer (ALV, Langen,
of spectroscopy are even applicable in the highly inhomogeneousGermany) equipped with a HeéNe laser (22 mW4o = 632.8 nm).
field of single-sided NMR surface prob&sye could show that The scattering intensity was collected at a scattering angle of 90
an alternative approach provides quantitative information on as a function of reaction time. The integration time interval of the
structure and even heterogeneities (i.e., distributigii¢)®*6as ~ detection system was set o 20 s.

well as chain dynamic¥.38Some artifacts that may arise when ~_ NMR Spectroscopy.’H MQ experiments were performed on a

simpler NMR methods are used are thus avoitfe. Bruker minispec mq20Ep = 0.5 T) and evaluated following
previously published procedurés3> The sample temperature was

The experiment is based on a robust and easily implementabley, aintained using a regulated airflow and kept at2% °C unless
(vet lengthy) pulse sequert€é?that can be performed on low-  noted otherwise. The tune-up is simple and requires only the proper
field NMR analyzers in an automated fashion without any adjustment of the S0pulse length (typically about 1-8 us) and
sacrifice in data quality®4! For the first time, we here apply  the offset as well as the receiver phase to obtain a monotonically
MQ NMR to the study of the gelation process, compare the decaying on-resonance real FID with negligible contributions in
results with established methods such as rheology and dynamidhe imaginary (sine) part. The samples were kept in 10 mm OD

light scattering (DLS), and discuss its advantages and limitations. NMR tubes, and their height was 7 mm at most, with the center
located in the center of the rf coil to ensure sufficieBt

homogeneity.

For an in-depth discussion of data acquisition and analysis, we
refer the reader to previous papét8>3We here mainly give some
details that are relevant for the actual implementation on the
M, ~ 15000 g/mol) were cross-linked using tetrakis(dimeth- minispec (see Figure 1). Generally, the experiment yields a DQ
ylsiloxy)silane as a cross-linker ancis-dichlorobis(diethylsul- intensity build-uplpg(tpg), that is dependent on the evolution time
fato)platinum(ll) in 2% toluene solution as the catalyst. All materials under a pulse sequence with a pure DQ average Hamiltonian and
were purchased from United Chemical Technologies Inc. (Bristol, reflects the magnitude of homonuclear residual dipolar couplings.
PA) and used as received. On the basis of the average functionalitiesThe overall DQ evolution timezpg, is incremented by increasing

initial part

Il. Experimental

Samples. Vinyl-terminated PDMS (PDMS424, M, =~
5000 g/mol) and randomly vinyl-functionalized PDMS (PDMS441,

as derived from solution-statel NMR spectra, different mixtures
using a given stoichiometric ratioof silane to vinyl groups were

the interpulse spacings that are given in ref 32.
One should keep in mind that even though the experimental

prepared and cured directly in the rheometer and later used for NMR procedure comprises the excitation of multiple higher quantum

spectroscopy.

Polystyrene 1, = 3.35 x 1C° g/mol andM,/M, = 2.1, BASF)
was randomly functionalized to obtain poly(styret@amino-
methylstyrene) [P($0-AMS)] following a well-described synthetic

orders, all arguments are restricted to double-quantum (DQ)
coherences, as only these reach significant intensities. They were
selected by a four-step phase cycle Ay = { X, y, =X, —V},

accompanied by receiver phase inversion for every other transient:

proceduré? The mole ratio of aminomethyl groups and styrene ¢pq = {X, =X, X, =X}. The reference intensitylrel(7ng), Which
repeat units was 1:27. The amine groups of the copolymer can becontains information on the sol content and can further be used to
linked via dialdehydes to form a network. For the light scattering correct for relaxation effects under the pulse sequence, is obtained
experiments, solutions containing 8-:0.5 g of P(Seo-AMS) in 8 in an independent experiment by usipgr = {Xx, X, X, X} as the

mL of toluene (spectroscopy grade, Aldrich) were prepared. receiver phase. On top of this, four-step CYCLOPS was performed
Likewise, solutions of 2.1510.74 mg of terephthaldialdehyde in ~ on the read pulsesf) and the receiver phases.

2 mL of toluene were made. Corresponding solutions were filtered At 20 MHz Larmor frequency;T; relaxation times of mobile
through a 1um PTFE membrane directly into a dust-free light polymer systems often reach the ms range. To suppress intensity
scattering cuvette and mixed to obtain a total volume of 10 mL. contributions arising from the reappearance of the signal during
DLS measurements were started immediately thereafter. For thethe course of the experiment, a two-step phase-cycle controlled
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polarization inversion was applied in addition, yielding a total of

32 transients per experiment. The final intensities were automatically 1 000'5 « :;: 5? rad/s /

evaluated from an average over the initial 2800f the FID, during ] *\ e ?98 :23/2

which the signal does not decay appreciably. A gain in signal-to- e ——12.6 rad/s

noise would of course be possible by using the whole FID or even 100'; —e—7.9rad/s

lengthening it artificially by a pulsed spin lock, but this was not ] ——5.0 rad/s

necessary for the data presented herein. Usually, between 32 (bulk «© ] :;:%(1)(5) Eagfs

samples) and 512 transients (dilute solutions) were recorded for € 103 —*—1.26 rgd/g

the measurement of a single point, using recycle delays ranging & ] —%—0.79 rad/s

between 200 msot1 s (longer waiting times were needed when ] —x—0.50 rad/s

sol or solvent exhibit a longef; in order to obtain the correct 1 . ¢

signal ratio). gel point| ™

The sum of the DQ and reference intensities, possibly corrected ] r=0.423

by mobile components B, 0.1
lsmo = lpg + lres — B & 209 1) 0.35 0.40 , 0.45 0.50

is analogous to a full (dipolar and chemical-shift) echo that is Figure 2. Rheological determination of the gel point of end-linked

only subject to dipolar-induced relaxation deéa§® All data in PDMS441 following the method of Winter and Chamisén.

this paper is plotted on a scale definedlby + et = 1 for 7pg =
0, i.e., the full magnetization of the sample detected aftera 90
pulse.Ismo(tpg) can be used to normalize the experimental DQ
build-up point by point in order to remove relaxation effects:

ponents with different mobility such that the mobile-component
subtraction, as well as the normalization, can be subject to
ambiguities.

_ [ll. Results and Discussion
lpo(To0) = Ipo(To)/Ismo(Too) (2 ) ) o
In the following, we present NMR investigations of three
In networks and gels at temperatures exceedipgy at least 50 conceptually different gelling systems, i.e., bulk end-linking of
K, this procedure can be refined by subtraction of one or two linear PDMS chains (PDMS441), bulk random cross-linking
exponential long-time contributions tewq (fraction B in eq 1) (vulcanization) of PDMS containing random vinyl functionalities
that reflect solvent, sol, and/or dangling chains. See refs 32, 35 for (pDMS424), and random cross-linking of P§B-AMS) in
a discussion of the limitations of the normalization approach and a gemidilute solution using deuterated toluene as solvent. For the
detailed description of the fitting strategy. When mobile components g 1y cases, fully reacted systems were studied as a function
2:% g:ﬁ;/) 3;')[; éﬁggrér:nr‘g)sizfj;?lé?;.g%:i gﬁgﬁ%gffri"eng (;aupslirr]]dgim of crqss-linker cqncentration and are gompareq with rheolio'gical
arise as a consequence of the topological restrictions of the network€XPeriments, while for the latter, stoichiometric compositions
chains, are proportional to the local cross-link density, and Were studied as a function of reaction time and are compared
consequently inversely related to the length of a chain between With DLS results. Note that PDMS424 and R{§AMS) are
restrictions. Importantly, the distribution is also accessible and similar in that they both are cross-linked at fixed but random
carries information about heterogeneit#é3® Most networks we positions along the chains.
have as yet investigated exhibit surprisingly narrow distributions A, Gelation of Bulk PDMS and Comparison with Rheol-
of Dres such that the second-moment approximation formula of a ogy. Results of frequency-dependent determinations of the
single-coupling scenario can be used for fitting: rheological loss tangent of samples from the end-linking series

of PDMS441 are shown in Figure 2. The acquisition ofaan

1 2 .
lioo(Dred = E(l - exp{ - gDreszrDQZ}) (3) sweep for a single sample takes many hours compared to about
1 min (10 min including routine setup) on about 200 mg or
As this is an approximation, only experimental datalfgg, <0.45 less of sample for the single-point NMR measurement discussed

are considered for fitting® Note thatD,esis of course armapparent below. The mechanical gel point is readily identified as the
coupling constant and represents an average over many differensilane to vinyl ratior for which tan 6 is independent of
internuclear pair couplings. Marked deviations of the build-up data frequency.

from an inverted Gaussian indicate the presence of a substantial Data from complete MQ NMR build-up/decay analyses of
distribution. Assuming this distribution to be Gaussiatie relation the same series are plotted in Figure 3. A ftgb-dependent

time series of a bulk sample can be acquired in afhdu(phase-

%DGZTDQZ cycle limited). Only above the mechanical gel point at 0.424
e - — is significant DQ intensity observed. This is in line with the
1 1+ EO_GZTDQZ notion that only chains that participate in a percolated cross-
lnpo(De:0c) = > 1- \ / (4) linked structure are fluctuating nonisotropically at temperatures
/1+‘§‘OGZTDQ2 that are sufficiently far abovdy The appearance of DQ

intensity, i.e., the presence of a detectable fraction of such
chains, is here defined as the NMR gel point.
can be used to obtain results for the average coupling constant as For the most sensitive single-point measurement to be
well as the standard deviatio§ and og, respectively). It is discussed below, we focus in the following on the normalized
important to realize that fits to this function make physical sense DQ intensity at arpo for which I, or Ing attains its highest

only as long asus is substantially smaller thaBs. Numerical . . .
inversion procedures can otherwise be used to assess the distribu\-/alues (or reaches its plateau) in the fully cured gel, which

tion32 For an in-depth discussion of the relationship betwBes occurs at about the samgg when the temperature is sufficiently
and the actual cross-link density, see ref 36. high and relaxation effects do not lead to more that 50% loss

As will become evident below, a fully quantitative gel charac- ©Of gel fraction signal. This implies that a complete time series
terization is restricted to systems well above the gel point. During should be recorded at least for a fully cured/stoichiometric sam-
the course of gelation, the system is composed of polydisperse comple. In PDMS441, the maximum is observedrgy ~ 5 ms.
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Figure 3. MQ NMR build-up and decay data for the gelation of end-
linked PDMS441. (a) As-acquiredswg and Ipg. The lines are
exponential fits tolsmo for oo =50 ms that represent the sol
contribution. (b)lsme (lines) andl,pg (Symbols) after subtraction of
the sol component. The fits of the nDQ curvesifat0.56 to eq 4 are
plotted as dotted lines.

r

Figure 4. (a) Single-point detection of the gel point of end-linked
PDMS441 and statistically cross-linked PDMS424, represented by
Inog (5 ms). No sol correction was applied, and the shaded area indicates
the noise level (equal to the experimental relative root-mean-square
intensity deviation from zere= 0.0015, and identical to the error bar
size). (b) Sol fractions for the two sample series as obtained from the
) L ) ) fits shown in Figure 3a. All dotted lines are guides to the eye, and the
The complete analysis offers rich insight into the gelation vertical bars indicate the rheological gel points.

process. The full intensity data in Figure 3a show exponential
tails of Ismq that represent the sol fraction. Moreover, for deviationsog (distribution width) of about 50% of these values.
stoichiometries just above the gel poilg exhibits two maxima In our previous work23°we have found a value 0360 Hz
reflecting a heterogeneous gel structure. These maxima transfor a fully cured end-linked PDMS witM. ~ 5000 g/mol, yet
form into a two-step build-up after point-by-point normalization with a different end-linking chemistry that might interfere with
(Figure 3b), as is expected when relaxation effects are successthe chain length distributiof? We might nevertheless speculate
fully accounted for. that, at the given maximum stoichiometric ratio, chain extension
We infer that the more weakly coupled fraction, associated is still significant.
with more isotropically mobile (possibly longer) network chains, ~ We now turn to the results for single-point NMR gel point
decreases at the expense of chains that ultimately form thedetermination for both the end-linked PDMS441 as well as the
percolated network. A more complete study would have to statistically cross-linked PDMS424 that are summarized in
comprise temperature-dependent measurements in order to checkigure 4a. The mechanically detected gel points are denoted as
whether the weakly coupled chains may be unconnected vertical bars, and their location closely coincides with the rise
chemically extended chains or branched structures that acquireof observable DQ intensity, thus showing that the gel point
residual couplings as a result of physical entanglements. Thesedefinitions of two methods are compatible for the systems at
may lose their stability on the experimental time scale when hand and are thus sensitive to similar topological features of
the temperature is raiséd. the gels. From Figure 4b, we further infer that the sol content
From Figure 3b, it is also clear that up to 50% of the whole (of course not available from a single-point measurement) also
sample magnetization of a system well above the gel point shows a significant drop at and beyond the gel point. Note that
(excluding the sol) can be converted into DQ coherences usingthe observation of somewhat less than 100% sol even below
a tpg within which the overall magnetization has not decayed the gel point is due to the slightly nonexponenBllQ decay
by more than about 30% (or even less when the temperature isfunction even for the pure precursor polymers (as indicated by
raised). This shows that the DQ method is by no meansthe r = 0 point for PDMS 424 in Figure 4b). Similar
insensitive. In fact, it is more difficult to perform a reliable observations were reported in an NMR diffusion study of gelatin,
decay component analysis than simply observing a DQ intensity where the fraction of diffusing sol was also found to decrease
that unambiguously reflects up to 50% of the overall intensity just beyond the gel poirit
of the true network component. B. Gelation of Dilute PS Solutions and Comparison with
The residual couplings derived from fits to eq 4 for the three DLS. Observing gelation in a rather dilute system (from the
samples with the highestare 60, 90, and 150 Hz, with standard NMR point of view) is a challenge in particular for insensitive
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( ) 0.207 ¢=0.05 g/mL Figure 6. Comparison of the gel point times of P€B-AMS) in toluene
o from DLS and NMR experiments, as well as the NMR-determined
£ 0.16 gelation time constants. The DLS data differ somewhat from those given
< _ in ref 8, as the present study was carried out on different new batches
B 0104 ¢=0.04 g/mL of polymer.
%‘ ¢=0.03 g/mL than DLS. It must be noted that there is some degree of
S 0.08- ' uncertainty in this comparison, as the DLS and NMR experi-
= 3 ments were conducted on different batches of precursor polymer
g 0.04- - c=0.02 g/mL (which showed virtually identical molecular weight and comono-
= 9 mer content). Aminomethyl styrene is extremely sensitive to
0.00- Sl deactivation by C@ Even though the samples were handled

with care under inert gas atmosphere, differences between the
samples cannot be fully excluded, and the desirable synchronous
measurement of parts of the same sample solution in the
different instruments was not possible in the framework of this
study. By comparing DLS studies of different polymer batches,
statistical errors in the gel point time were estimated and are
indicated by the error bars in Figure 6. The smaller error bars
associated with the NMR data do not reflect the statistical batch-
to-batch variation, but indicate the error associated with the
fitting of the noisy data in Figure 5b.

However, true deviations between NMR and DLS as observed
low-field NMR equipment. The ensuing results show this is here could be explained as follows: The appearance of a speckle
nevertheless possible when the experiment is based on a singlein scattering from gels is an interference phenomenon whose
point observable. We focus on the gelation kinetics of dilute associated length scale is on the order of 50 nm. In addition,
PS chains with stoichiometric amounts of cross-linker, where the integration time for a single point is 20 s. Thus, DLS probes
the time resolution was on the order of 2 min (note that for structures on somewhat larger length scales and longer time
each nDQ point, two intensities, DQ and ref, are measured). scales than NMR, the latter being sensitive to fast single-network

Results from real-time DLS and NMR experiments are chain fluctuations that retain some anisotropy in the ms range.
compared in Figure 5. The DLS gel point is linked to the The difference is thus not surprising, and we emphasize the
appearance of strong intensity fluctuations, related to a specklestrong complementarity of the results that ultimately lead to a
pattern that arises when the system becomes nonergodic on theetter understanding of gel formation. In another study on
time scale of the 20 s integration time interval of the detection polysaccharides, DLS was also found to detect gelation later
system’® In Figure 5b, this is contrasted with the time than rheology, and possible reasons are discussed at length in
dependence offipg (4 ms) measured for gelation at different  ref 44.
concentrations.tpg = 4 ms is again based on build-up The apparent gelation time constant, and thus the rate of
experiments on fully cured gels, see below. network formation, is found to be virtually independent of

The so-obtained data could be well fitted to an exponential concentration, which is in fact expected for a (probably
build-up as a function of the gelation timg,and featuring a  diffusion-controlled) first-order process. We found that both the
lag time, to nmr, that represents the gel point time: gelation time constant as well as the gel point time decreased
by about a factor of 2 when performing the experiments &t
35°C. In agreement with the detailed report on the DLS studies
of this systen®*2 no gelation is detectable at concentrations
below 0.02 g/mL. This is explained by the fact that the overlap
concentration of the prepolymer is around 0.01 g/mL (thus the
investigated solutions are strictly semidilute), around and below
The second accessible parameter is the apparent gelation timavhich only microgels are formed. These reorient too quickly
constantzymr, the inverse of which represents the build-up rate to produce observable chain order (residual couplings) on the

10000 100000
gelation time / s

Figure 5. Gelation kinetics of dilute solutions of P& AMS) in
tolueneds cross-linked with terephtaldialdehyde. (a) Gel point as
inferred from the appearance of a speckle pattern in Di.S (0.02
g/mL). (b) NMR gelation kinetics derived from real-time single-point
measurements dfpg(4ms) (no sol correction) at different concentra-
tions. The exponential fits (solid lines) yield onset (gel point) times
and gelation time constants. The fifabg(4ms) was measured 24 h
after completion of the kinetics experiment and was held constant for
the fits.

1000

lnpo(Tmax) = 0 fort <t yur

InDQ(Tmax) = InDQ(tmax)tﬂoo X (1 -
fort = tyyur

—UTNMR)

®)

of cross-link density.
Both quantities are plotted and compared with the DLS results
in Figure 6. It is apparent that here, NMR detects gelation earlier

NMR time scale.
Finally, we focus on the in-depth NMR analysis of the final
gels to again stress the rich insight that is gained by combination
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tion of residual couplings shown in the inset is broad (indicated
by the nonparabolic initial and convex overall shapdgt)

and could only be estimated using a numerical inversion
procedureé? The structure thus exhibits considerable heteroge-
neities, as we also have found in a study of swollen, bulk end-

<444 ---¢=0.03 g/mL
ome —¢=0.05g/mL

10 linked PDMS gel$* How far the heterogeneities formed upon
cross-linking in solution and upon swelling of bulk cross-linked
2084 = : ‘ systems are related remains the subject of further work. Note
‘@ adq 00 05 10 15 20 that this type of polydispersity, detected at the molecular level,
E 0.6. IMQ Dn:44 Def2n I Hz is not easily accessible by any other method.
£ .l':i <4 PRSI B | - The most important result of the build-up analysis is that,
= 0.4 nDQ ¥ 1 94 < within the given error limits posed by the weak signal in (semi)-
s (sol-corrected)® @ 4 44 dilute solution, all gels have a similar apparent chain length
c o < between cross-links or trapped entanglements, irrespective of
0.21 "Cam o s @ ° o concentration. This is of course expected for chains with branch
‘Sg’* LI I IR - ¢ 3 points that are predefined by the randomly placed amino func-
0.0 L T LB p tionalities, and this is to be compared with the complementary
0 5 10 15 20 25 30 result of the DLS intensity time correlation function analysis
DQ evolution time / ms that yields power-law exponents for the slow mode related to

Figure 7. Final PS gel characterization by DQ build-up analysis. Cooperative diffusion in the gélThis exponent, also accessible
Crossed symbols represent the direct experimenta, and solid by rheological experiments, is commonly attributed to the fractal
symbols result after subtraction of two mobile components B and C dimension of the network, and this structural parameter was
from lIzwq belfore Poyma;uzr?non. dThle _so-gbtaug%@Q ‘(‘ée“? sub#ecte_g | also found to be neither a function of concentration nor of gel
to numerical analysis of the underlying broad distribution of residua point time (the latter aspect, gel structure analysis during the
dipolar couplings (see inset). : -

gelation run, was not done by NMR in the present context but

Table 1. Results of the Final MQ NMR Gel Characterization of the is of course highly worthwhile). Therefore, NMR nicely com-
Solution-Cross-Linked P(Seo-AMS)? plements the DLS analysis with information on tleeal net-

c Tac T2 fa  Dred27 work structure on the length scale of individual network chains.
g/mLt fc  fon ms fe __ms Hz Hz  oed2r Mechanical measurements gave shear moduli that increased
0.02 031 010 82 0.56 13.6 013 278 248 from 300 to about 1500 Pa over the investigated séfighis
0.03 029 007 71 0.45 13.0 0.26 194 185

001 017 005 85 o4n 175 038 199 157 s to be compar'ed with the case of unswollen elastomers that
005 007 004 129 043 181 050 229 202  always show a linear correspondence between the modulus and
_ _ o o _ the NMR observabléé*>4° Here, one of course has to take
® Corresponding data is shown in Figure 7. The inevitable residual jni, account that the network fraction A as well as the overall
protonated toluene fraction is detected as part of the mobile component C . . .
and is estimated from pure solvent FID intensities, scaled to the varying polymer volume fraction both increase over the sample series.
overall polymer intensity. The apparent contradiction can thus be explained because the
modulus is inversely proportional to the volume fraction of
with DLS. Figure 7 and Table 1 summarize the NMR results. polymer?® However, our first NMR investigations of partially
Notably, apart from the network component A there are now swollen systems showed surprising results with regard to
two exponential contributions to tHEMQ decays of the gels ~ swelling heterogeneities and the overall weak swelling effect
that can be reliably separated. Component C is very mobile, on chain stretching and entropy I$sand an in-depth correla-
with an apparenfT,c on the order of 100 ms. Its fraction tion of mechanical and NMR properties of networks in the
decreases from 30% down to 7% with increasing polymer swollen state is yet to be established.
concentration; note that aboW of this component is composed
of residual protons in the deuterated toluene. The rest of this IV. Conclusions
component probably corresponds to the extractable sol, which |, summary, we have shown that the mere observation of
should amount to 10%. DQ intensity, arising from chain motions that are nonisotropic
The fraction of the second, less mobile compondng & on the ms time scale, is a sensitive marker of the onset of
13—18 ms) is on the order of 50% and almost constant. It does gelation in bulk as well as dissolved systems with weakly
not contribute to the generation of DQ intensity, and it is entangled precursor polymers. In end- and randomly cross-linked
therefore either attributed to network defects like dangling chains bulk PDMS of moderate initial molecular weight and varying
and loops or to starlike structures or microgels that all have contents of cross-linker, the so-determined gel point, was found
close-to-isotropic larger-scale chain dynamics (overall rotational to be essentially identical to the results of much more time-
diffusion or arm retraction). These structures are part of or consuming rheological experiments. In randomly cross-linked
trapped in the network structure but do not contribute to the solutions of functionalized PS with stoichiometric amounts of
elasticity. Finally, the amount of polymer that is ultimately cross-linker, the NMR-detected gel point time also followed
converted into elastically active network rises from about 13 to the same trend as the time at which speckles appeared in DLS
50%. All these findings are in agreement with the rather low experiments. Weak deviations toward shorter NMR-detected gel
cross-linking efficiency in these systems—@%) that was point times are in line with the notion that NMR is sensitive to
derived from the shear moduf. gelation on a shorter length and time scale.

The DQ build-up data shown in Figure 7, normalized after  Further work will have to show how this approach has to be
the subtraction of the mobile fractions, reach their expected adapted to the case of long, entangled prepolymers that exhibit
plateau alnpg ~ 0.5, proving that the amount of subtracted B  significant entanglement-induced residual dipolar couplings even
and C components is roughly correct. The underlying distribu- when no cross-links are preséf€®380ne might envision the
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observation of a discontinuity ifthpg at the gel point, yet, as  (10) Hansen, E. W.; Holm, K. H.; Jahr, D. M.; Olafsen, K.; Stori, A.
entanglement-induced residual couplings are a strong function ___Polymerl997 38, 4863-4871. _

of temperaturé® an extended protocol might necessitate a study 1) Xiciter, =.; Brand, T.; Berger, Sacromol. Rapid Commur2005

at different temperatures. Cohen-Addad has discussed other12) Brand, T.; Richter, S.; Berger, & Phys. Chem. B00G 110, 15853-
possible approaches along these lines based on proton transverse  15857.

relaxation propertie®’ the application of MQ spectroscopy to ~ (13) gggand, R.; Charlesby, Ant. J. Radiat Phys. Chem1976 8, 555~

this type of system is underway. . (14) Charlesby, A.; Folland, R.; Steven, J.Ptoc. R. Soc. London, Ser.
The NMR approach offers the advantage that it offers at least A 1977, 355, 189-207.

semiquantitative insight into the gelation process on the mo- (15) Cohen-Addad, J. fRrogr. NMR Spectrosc 993 25, 1-316.
lecular scale, i.e., the contents of mobile fractions, the network (16) Chiu, H. T.; Wang, J. HPolymer1999 40, 6859-6864.
structure, and the chain mobility can be monitored during the 7) ygonl%lg._lf.l;zghou, C. M.; Chuang, W. I. Appl. Polym. Sci2001,
course and at the end of gelation. Our results complement and;1g) Cohen-Addad, J. B. Chem. PhysL973 60, 2440-2453.
support results from rheological and light scattering experiments, (19) Cohen-Addad, J. fdacromolecules 989 22, 147-151.

where in particular for cross-linking in solution, the observation (20) Cohen-Addad, J. P.; Vogin, Rhys. Re. Lett. 1974 33, 940-943.
of a concentration-independent chain length between cross-links(21) Collignon, J.; Sillescu, H.; Spiess, H. Wolloid Polym. Sci1981

) 259, 220-226.
nicely complements the knowledge on the constant fractal (22) Chapter G. Fry: Lind, A. OMacromolecules988 21, 1292-1297.

dimension of the gel as detected by DL_S' _ (23) Simon, G.; Baumann, K. and Gronski, Wacromoleculed992 25,
The NMR methodology presented herein should be applicable 3624-3628. ‘
to all polymeric systems, bulk or dilute, that still retain a high (24) Callaghan, P. T.; Samulski, E. Macromolecule4997 30, 113-122.

chain mobility and flexibility in the gel state. In other works, (22) f;%%hi39E§4gigg§rg' P Kimmich, R.; Hainer, . Chem. Phys
the systems should be far aboke This is a necessary condition 56y cohen-Addad, J. P.; Soyez, E.; Viallat, A.; Queslel, MBcromol-
to observe the gelation-induced (single-point) DQ intensity at ecules1992 25, 1259-1266.

sufficiently long DQ times without having to worry about the (27) Cohen-Addad, J. P.; Montes, Macromoleculesl997 30, 3678~

overall intensity relaxation. Thermoset gelation, whegeof 3684.

the final broduct rises above the gelation temperature. as WeII(28) Litvinov, V. M. Characterization of Chemical and Physical Networks
p g p J in Rubbery Materials Using Proton NMR Magnetization Relaxation.

as the formation of physical gels, where cross-links are often In Spectroscopy of Rubbers and Rubbery Materiaitsinov, V. M.,

formed by solid-like aggregates or even (nano)crystalline 8ﬁ’ '?- Pib Edsgsgzgcf)a Technology Ltd.: Shawbury, U2Q02
: ; ; apter 10, pp .

structures, are problematic cases, as the spectral |ntenS|ty29) Baum. J.: Munowitz, M.: Garroway, A. N.: Pines, &.Chem. Phys.

associated with the network fraction relaxes very quickly. 1985 83, 2015-2025.
Significant parts of the sample might even escape detection due@30) Graf, R.; Heuer, A.; Spiess, H. Whys. Re. Lett. 1998 80, 5738~
signal loss during the MQ pulse sequence and the receiver dead ~ 5741. o
time. Transverse relaxation methods have been applied to sucH3) f&gge{‘firﬂﬂ?ﬁpm’ L.; Demco, D. E./Bligh, B.J. Chem. Phys.
6,51,52 i i .

systems, b!"t the phenomenology is diverse and must be (32) Saalwahter, K.; Ziegler, P.; Spyckerelle, O.; Haidar, B.; Vidal, A.;
carefully established for each case. Sommer, J. UJ. Chem. Phys2003 119, 3468-3482.

Limitations also apply to mixed multicomponent systems such (33) Wiesmath, A.; Filip, C.; Demco, D. E.; Bhich, B.J. Magn Reson.
as block copolymers, blends, or solutions using nondeuterated 2002 154 60—7,2' . . .

. (34) Saalvahter, K.; Kleinschmidt, F.; Sommer, J. Macromolecules

solvents. At low field, one must then make sure that the observed™™ ~ 5004 37, 8556-8568.
intensity stems only from the component in which the cross- (35) Saahianhter, K.; Klippel, M.; Luo, H.; Schneider, HAppl. Magn
linking takes place, either by careful component analysis or by Reson2004 27, 4071-417.

i i iz ati i i (36) Saalviahter, K.; Herrero, B.; Lpez-Manchado, M. AMacromolecules
implementing magnetization filters (e.g., simple transverse 2005 38, 9650-9660.

dephasing of rigid-phase magneti.za.tion). Anot.her op.tion is of (37) Saaliiahter, K.J. Chem. Phys2004 120, 454-664.
course to take advantage of the (limited) chemical-shift resolu- (38) saaliahter, K.; Heuer, AMacromolecule2006 39, 3291-3303.

tion provided by static experiments performed at high fiéld (39) Saalviahter, K. Macromolecule2005 38, 1508-1512.
or to use DQ methods that work under conditions of fast magic- (40) Saalwahter, K.; Herrero, B.; Lpez-Manchado, M. AMacromolecules

Py . " : 2005 38, 4040-4042.
angle spinningf-53in order to detect DQ intensities selectively (41) Saalwahter, K.J. Am. Chem. So@003 125, 14684-14685.

for a certain chemical species. (42) Liu, R. G.; Oppermann, Wacromolecule006 39, 4159-4167.
) ) ) (43) Clarson, S. J.; Wang, Z.; Mark, J. Eur. Polym J. 199Q 26, 621—
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