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ABSTRACT: The bulk properties of polymers are often adjusted via addition of a complex blend of
compounds collectively known as additives, where so-called molecular fortifiers (or antiplasticizers) may
improve the mechanical properties. In the present work, insight into molecular mechanisms of additive-
fortification in model epoxy resins was obtained from multinuclear solid-state NMR analysis. In particular,
we have demonstrated a “free molecule”-type behavior of DMSO-d6 in DMSO-fortified resins similar to
common inclusion compounds thereby revealing mere filling of free volume. In case of DMMP-fortified
resins, however, chemical modification during postcure of the epoxy resin is observed yielding methyl
methylphosphonate (MMP) and salt formation, where dynamic heterogeneities of MMP-d3 suggest a rather
complex mechanism of fortification. The interpretation of NMR data was further supported by ab initio
calculations.

1. Introduction

Thebulkproperties of polymers are often adjusted via addition
of a complex blend of compounds collectively known as additives
that facilitate a broad range of applications.1 To date, many cate-
gories of additives such as fillers, antioxidants, plasticizers, flame
retardants, and stabilizers, are known.While plasticizers typically
soften the resulting material rendering it more flexible, a rather
unique class of additives (so-called molecular fortifiers or anti-
plasticizers) may improve the mechanical properties of polymers
yielding increased modulus and tensile strength. However, addi-
tion of fortifiers is only possible up to a system-dependent weight
limit above which the polymer is replasticized. Notably, no
generally accepted mechanism of fortification is known to date
although a variety of polymeric systems such as epoxy resins,2-7

poly(sulfone ether),8 cellulose triacetate,8 polycarbonate,9 poly-
(styrene),10 poly(vinyl chloride)11 and poly(ethylene terephtha-
late)12 have been studied.Nevertheless, in all cases, fortification is
believed to result from non-covalent interactions of the respective
additive with the polymer host matrix.13 Since often the polymer
density is increased markedly, mere filling of free volume by the
additive has been proposed and in some cases supported by either
reduced gas permeabilities14,15 or xenon gas sorption experi-
ments.16 Furthermore, fortification commonly comprises a re-
duction of both the glass transition temperature TG and magni-
tude of the high temperature part of the secondary loss transition
(i.e., β-transition), as revealed by dynamic mechanical or dielec-
tric measurements.2,4,5,7,9,14,17,18 In addition, occupancy of free
volume by additives can restrict local motions of structural units
or larger fragments thus reflectingmolecular interactionswith the
host.

In the present work, we explore the molecular origin of
fortification of a recently introduced bisphenol A based model
epoxy resin upon addition of either dimethyl sulfoxide (DMSO)
or dimethyl methyl phosphonate (DMMP) (Scheme 1a) utilizing
modern solid-stateNMR,which has been shown to be a powerful

tool for the analysis of local motions of moieties,19 e.g., in
polymer/diluent systems,20 providing an outstanding selectivity
for local environments even in rather ill-defined compounds.21

Particularly, solid-state NMR techniques such as temperature-
dependent proton spin-lattice relaxation in the rotating frame,22,23
13Cspindiffusion,24 2Hspinecho,25-28 chemical shift anisotropy28-31

or multinuclear REDOR NMR32 measurements have been
successfully applied.

Although DMSO and DMMP have fairly comparable mole-
cular structures and fortifying characteristics (up to approximately
15mol%), they differmarkedly in their impact onboth the thermal
and dynamic mechanical relaxation properties of the considered
model epoxy network. Using selectively 2H- and/or 15N-labeled
fortifiers or curing agents, we could demonstrate that DMSO
indeed shows a “free molecule”-type behavior while DMMP re-
acts with the polymer backbone via methylation of amino
functionalities (Scheme 2)33 thereby leading to salt formation.
Notably, interpretation of the NMRdata was facilitated by both
a nucleus independent chemical shift (NICS) map34 and ab initio
density functional theory (DFT)35 chemical shift computations of
corresponding snapshot geometries derived fromCar-Parrinello
molecular dynamics (CPMD) simulations.

2. Experimental Section

Network Fabrication. The epoxy resins were prepared as
described.17 Four parts of epoxy monomer Epon 825 (a bi-
sphenol A diglycidylether supplied by Miller Stephenson Che-
mical, USA) were heated to 50 �C for better processability by
reducing its viscosity. Then, two parts of dimethyl ethylenedia-
mine, one part of ethylenediamine and, if required, 1.23 parts
(corresponding to 15 mol % of the total amount of monomers
used and slightly less than one fortifier molecule per three
bisphenol A units) of fortifier were added and mixed at 50 �C
until a homogeneous solution was obtained. Subsequently, the
mixture was precured at 50 �C for 3 h, followed by a postcuring
at 110 �C for 16 h to ensure full conversion. Ethylenediamine
was purchased from Acros; dimethyl ethylenediamine and
DMSO were obtained from Sigma-Aldrich while DMMP was*Corresponding author. E-mail: brunklaus@mpip-mainz.mpg.de.
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delivered from Alfa Aesar. All compounds were used as-
obtained without further purification.

Deuteration of Amines. First, 7.00 mL of ethylenediamine
(6.29 g, 105 mmol) or 7.00 mL of N,N0-dimethyl ethylenedia-
mine (5.74 g, 65 mmol) respectively had been mixed with 50 mL
ofmethanol-d and heated under reflux for 6 days under an argon
atmosphere before methanol was removed for the most part by
distillation. 1H NMR revealed a degree of deuteration of approxi-
mately 60% of the amino functionality by integration of the
respective proton resonance. The procedure was repeated by add-
ing 50 mL of fresh methanol-d to the crude product and refluxing
the mixture for additional 6 days under argon atmosphere. Sub-
sequent thorough distillation yielded amine with a degree of
deuteration ranging from 90 to 95% as revealed by 1HNMR. This
was double-checked by measuring 2H NMR spectra with DMSO-
d6 as internal reference. Care was taken to keep the residual
methanol content below 1 mol % as monitored by 1H NMR.

Preparation of Dimethyl Methyl-d3 Phosphonate. First, 2.15
mL of iodomethane-d3 (5.00 g, 34.5 mmol) and 1.02 mL of
trimethyl phosphite (1.07 g, 8.6 mmol), corresponding to a
4-fold excess of iodomethane-d3, were mixed and refluxed under
argon atmosphere overnight. 1HNMR indicated full conversion
of trimethyl phosphite. Distillation at 60 �C (11 mbar) yielded
0.71 mL (0.8 g, 6.4 mmol, 74%) of dimethyl methyl-d3 phos-
phonate, and 1HNMRdenoted a degree of deuteration of 90%.

Preparation of Dimethyl-d6 Methylphosphonate. A 10.94 mL
aliquot of phosphorus trichloride (17.22 g, 125mmol) in 150mL
of dichloromethane was dropped into a mixture of 49.11 mL
N,N0-dimethylaniline (46.65 g, 385 mmol) and 15.23 mL of
methan-d3-ol-d (13.53 g, 375 mmol) in 75 mL of dichloro-
methane over 1 h at a temperature of 0 �C. After the mixture
was stirred for another hour at room temperature, dichloro-
methane was roughly removed by distillation. Addition of 200
mL diethyl ether resulted in the formation of two phases and the
precipitation of the hydrochloride salt ofN,N0-dimethylaniline.
The suspension was filtered and the transparent liquid distilled
at ambient pressure at 140 �C. All that was not collected until
140 �Cwas discarded. This procedure afforded 3.1 mL (3.3 g, 25
mmol) of trimethyl-d9 phosphite that were added to 9.34 mL of
iodomethane (21.29 g, 150 mmol) and refluxed under argon
atmosphere overnight. Upon addition of iodomethane, impu-
rities ofN,N-dimethylaniline precipitated as quaternary ammo-
nium salt. Distillation yielded 1.4 mL (11% relating to
phosphorus trichloride) of dimethyl-d6 methyl phosphonate
(1.7 g, 13 mmol). 1H NMR, 2H NMR, 31P NMR revealed that
the product is composed of ca. 90%DMMP, and 10%dimethyl
hydrogen phosphonate. This byproduct is formed by the reac-
tion of trimethyl phosphite with hydrochloric acid and cannot
be separated trivially.

Labeled Dimethyl Sulfoxide. Dimethyl-13C2 sulfoxide and
dimethyl-d6 sulfoxide were purchased from Sigma-Aldrich and
used as received.

Preparation of Methyl Methyl Phosphonic Acid. A 1.53 mL
aliquot of DMMP (1.76 g, 14.2 mmol) and 5.94 mL of triethyl-
amine (4.31 g, 42.6 mmol) were mixed and stirred thoroughly as
two phases (ionic liquid and triethylamine) formed during the
course of the reaction. After reflux for 4 days, approximately
80% of the DMMP was demethylated. The upper phase was
removed and the lower phase kept at 120 �C and 6 mbar for 1 h
to remove residual DMMP. The resulting pure ionic liquidN,N-
diethyl-N-methylethanaminium methyl methylphosphonate is
dissolved in water and treated with a strong acidic cation
exchange resin (Amberlite IR120). Filtration and distillation
of the solution at 15 mbar and 120 �C yields 1.0 g (0.8 mL, 9.2
mmol, 65% yield relating to DMMP) of methyl methylpho-
sphonic acid (MMPA) as a liquid.

Verification of Samples. All prepared resins were verified by
means of mechanical and thermal analysis (e.g., tensile strength,
elastic modulus, glass transition temperature) against reference

Scheme 1. (a) Structures of Fortifiers DMMP (1) and DMSO (2), AmineMonomers Dimethyl Ethylenediamine (3) and Ethylenediamine (4) as well as
the Epoxy Resin Bisphenol A Diglycidyl Ether (Epon 825) (5) and (b) Structures of Selectively Isotope Labeled Fortifiers Dimethyl Methyl-d3

Phosphonate (6), Dimethyl-d6 Methylphosphonate (7), Dimethyl Sulfoxide-d6 (8) and Dimethyl-13C2 Sulfoxide (9)

Scheme 2. Representative Cutout of the Polymer Backbone Reacting
with DMMP During Cure Processa

aEp is short for a bisphenol A diglycidyl ether residue attached to an
amino functionality by epoxy ring-opening. In case of dimethyl ethyle-
nediamine or ethylene diamine, R = CH3 or R = Ep respectively.
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compounds from a previous study. Differential scanning calo-
rimetry (DSC) was performed at a heating rate of 10 K/min on
as-synthesized resins, i.e. they were not rasped to a powder to
obtain values comparable with literature data.17 Dog bone
shaped samples with a width of 4 mm, length of 30 mm and
thickness of 2 mm were milled out of an as-synthesized resin.
Measurements with a strain rate of 0.63 mm/min were per-
formed with an Instron 6022 tensile testing machine. While the
expected trends in both tensile strength and elastic modulus are
confirmed, the absolute values are reproducibly 20% below
published data17 whichmight be attributed to (slightly) different
experimental conditions such as the absence of an extensiometer
due to geometry restrictions. Dynamic mechanical thermal
analysis (DMTA) data was collected on an Ares LS from
Rheometric Scientific by shearing a single cantilever beam from
-120 to þ150 �C at a maximum strain of ε = 10-4, constant
frequency of 1 Hz and temperature ramp rate of 2 K/min. As
suggested by DSC, the R-transition is found to be higher for the
DMMPmodified network than for the neat resin corresponding
to a higher glass transition temperature; there is no suppression
of the β-relaxation compared to the unfortified network. In
contrast, the DMSO fortified resin exhibits the typical suppres-
sion of β-relaxation accompanied by a decrease in the R-transi-
tion. This is in accordance with published data.17 In addition,
13C CPMASNMR spectra (which are sensitive to the molecular
environment or packing effects in solids and thus may be
considered as representative “fingerprints”)36 of the neat and
DMSO- or DMMP-fortified resins were acquired. Notably, all
13C CPMAS spectra of our self-synthesized resins showed
excellent agreement with the corresponding spectra of original
resins prepared by Lesser et al.,17 thus confirming the identity of
the samples. All reference compounds were kindly provided by
M. Junk.

3. Computational Section

It is well-known that a reliable computation of NMR para-
meters (like absolute chemical shielding) crucially depends on the
chemical environment of considered atoms and fragments.While
highly accurate electronic structure methods on an explicitly
correlated level of theory are available for the calculation of
structures and NMR properties of relatively small molecular
systems, density functional theory represents a compromise
between accuracy and computational efficiency and has been
proven to yield sufficient agreement with experimental data.

Figure 1a shows a simplified “ionic liquid” model of MMP
while Figure 1b displays a “non-branched” model cutout of the
epoxy resin comprising a bisphenol A moiety with two quater-
nized (methylated) nitrogen atoms whose positive charges are
compensated by two MMP anions. The latter illustrates a pos-
sible inclusion of the fortifier within the resin matrix. Since the
bulkorganization of the investigated epoxy resin is not known, all
CPMD simulations were conducted for isolated model clusters

thereby neglecting the backbone chains. Since NMR data pro-
vides information on local interactions, we believe that this rather
simplified “non-branched” model is in principle able to demon-
strate the actual host-guest interplay thereby reflecting the
experimental observations including changes of 31P isotropic
absolute chemical shieldings before and after the salt formation
between the host and respective guest molecules. Bothmodel sys-
tems were stepwise “heated” until 350 K performing at least 1 ps
of molecular dynamics simulation for each temperature step of
50K. The total “heating” time was 7 ps followed by a production
run of 4 ps. All calculations were carried out with the CPMD37

package in the framework of DFT using the gradient-corrected
exchange and correlation functionals (BLYP),38,39 Goedecker-
typepseudopotentials40 togetherwithaplanewave cutoff of 70Ry.

For analysis of possible NMR chemical shift effects resulting
from trapping of a fortifier molecule (DMMP or MMP) in
proximity to the aromatic bisphenol A moiety, a single NICS
map41 calculation of the host structure was performed (Figure 7).
In short, the NICS map displays how much the local magnetic
fields are shielded (or deshielded) by the host moiety providing a
qualitative approach to experimentally observed shift effects. For
both models, the averaged isotropic absolute chemical shieldings
were computed on a subset of configurations extracted from the
corresponding CPMD production trajectories. Typically 40 ran-
domly selected snapshots were sampled for each model system
and used for NMR chemical shift computations employing the
Gaussian03 program package42 with B3LYP exchange-correla-
tion functional43 and the relatively large 6-311þþG(3d2f,3p2d)
basis set for phosphorus atoms, while all other atoms were
described by the 6-31þG(d,p) basis set.

4. Results and Discussion

4.1. Proton NMR. In a previous report, the effects of
DMMP on the host polymer were attributed to hydrogen
bonding of the resin’s hydroxyl protons with the PdO
double bond of DMMP.13,17 Indeed, the respective XdO
groups (X = P, S) of both additives constitute possible
hydrogen-bond acceptors, as it is well-known that not
only DMSO exhibits strong interactions with hydrogen
donors44-48 but also 1:1 hydrogen-bonded complexes of
water andDMMPhave been reported.49,50 Protons involved
in hydrogen-bonded structures51 often exhibit well-resolved
1H chemical shifts and can be identified by 1HMASNMR.52

Even in case of dynamic hydrogen-bonding, i.e. exchange of
the proton among two heavy atoms with a given distance,53

the “effective strength” of the hydrogen bond can be ob-
tained: typical evidence of strong hydrogen bonding are
high-frequency shifted 1H resonances, i.e., at 16-22 ppm
for hydrogen-bonds to nitrogen or oxygen.54

An inspection of the 1H fast MAS NMR spectra (cf.
Figure 2), however, reveals no obvious indication of strong

Figure 1. (a) “Ionic liquid” of MMP and (b) model cutout of the epoxy resin comprising an aromatic bisphenol A moiety and quaternized nitrogen
atoms reflecting salt formation. For simplicity only oneMMPcounterion is shown.The average distance of the P atom to the closest aromatic protonas
well as the shortest average PO 3 3 3N distance are also given.
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hydrogen-bonding. Nevertheless, according to ab initioDFT
1H chemical shift computations of a tentative model geome-
try, the presence of fairly weak OH 3 3 3OdP hydrogen bonds
is likely. The hydroxyl proton resonance was computed at
δ(1H)≈ 7 ppm and therefore may be buried under the broad
resonances of aromatic moieties of the host polymer, but
admittedly, successful enhancement ofmechanical properties
does not solely depend on hydrogen-bonding as numerous
fortifier/polymer systems are known where this can be ruled
out based on rather simple structural considerations.6,10,11

1H-1H double-quantum (DQ)MASNMR55 is in general
a highly useful and selective approach to identify close
contacts or spatial proximities of different structural moie-
ties, e.g. upon successful molecular recognition,56 while local
ordering of both the epoxy resin and fortifier during cure
may be also identified from spin-diffusion24 or REDOR ex-
periments.32 In the aforementioned 1H-1H two-dimensional
experiment, DQ coherences due to pairs of dipolar coupled
protons are correlated with single-quantum coherences re-
sulting in characteristic correlation peaks. Double-quantum
coherences between like spins appear as a single correlation
peak on the diagonal, while a pair of cross peaks that are
symmetrically arranged on either side of the diagonal reflects
couplings among unlike spins. In addition, at short dipolar
recoupling times (i.e., 20-40 μs), observable DQ signal
intensities are proportional to Dij

2 or rij
-6, (Dij is the homo-

nuclear dipolar coupling constant, rij the internuclear dis-
tance), respectively, so that strong signal intensities in the
correspondingDQMASNMRspectrum indicate protons in
rather close spatial proximity (i.e., up to 3.5 Å).57 In contrast,
rather weak DQ signals reflect either long-distance contacts
or the presence of fast localmolecular dynamics (with respect
to the time scale of the experiment).58 The 1H-1H DQMAS
NMR spectrum of the DMMP fortified epoxy resin is dis-
played in Figure 3; the experiment was performed at a high
spinning frequency of 50 kHz in order to maximize the
achievable spectral resolution in the indirect dimension
(F1) of the experiment. Three DQ peaks between like spins
can be identified which are assigned to themethyl group pro-
tons of the bisphenol Amoiety (BPA; 1.3 ppm), the aliphatic
region of the polymer backbone (2.5-4.0 ppm) and the
aromatic protons of BPA (6.7 ppm). These are rather trivial
DQ peaks merely reflecting the molecular structure of the
polymer. In contrast, theDQ crosspeak at 10.0 ppm=6.7þ

3.3 ppm suggests close contact of the fortifier-OCH3 units
(3.3 ppm) to the aromatic BPA moieties. Notably, similarly
recorded 1H DQMAS NMR spectra of both the unfortified
and DMSO fortified resin did not show a DQ cross peak at
10.0 ppm, hence excluding an alternate assignment of the
peak at around 3 ppm to the aliphatic parts of the polymer
backbone (see Supporting Information). However, selective
DQ crosspeaks of DMSO and the host polymer could not be
resolved. A preferential location of the phosphonate-based
fortifier is indeed consistent with previous studies of poly-
carbonate,26 polyethylene terephthalate (PET)28 and aryl
aliphatic epoxy resins23 where a substantial reduction of
the phenyl flip rate upon incorporation of the fortifier was
observed.

4.2. 13C NMR and 2D 1H-13C correlation NMR. The 13C
CPMAS spectra of the unfortified and fortified resins are
shown in Figure 4. In all cases, the aromatic region (100 ppm
-180 ppm) is virtually identical while—apart from indivi-
dual peaks of the respective fortifier molecules—distinct but
small differences in the aliphatic region (45-90 ppm) in the
case of DMMP fortified resin can be found. In contrast, the
similarity of the corresponding 13C CPMAS spectra of both
DMSO and unfortified resin indicate a rather negligible
influence of DMSO on the local structure of the polymer
host. However, the S-CH3 units of DMSO cannot be re-
solved unless preparing a fortified resin using 13C-labeled
DMSO. In that case, a fairly sharp peak at 40.8 ppm (which is
close to the resonance frequency of pure DMSO)61 is
obtained where the peak width of about 47 Hz hints at fast
rotational motions. In contrast, the peak width of the
resolved P-CH3 resonance centered at about 13 ppm is
much broader (450 Hz) and suggests either an ill-defined
local environment or hindered local mobility. Similarly, a
rather broad peak for the P-OCH3 unit at ≈52 ppm is

Figure 2. 1H MAS NMR spectra of the unfortified, DMSO and
DMMP fortified epoxy resin, acquired at 850.1 MHz using a commer-
cially available Bruker 1.3 mm double-resonanceMAS probe at a spin-
ning frequency of 50 kHz, typical π/2-pulse lengths of 2 μs and recycle
delays of 5-10 s coadding 32 transients. Note the barely resolved
POCH3 resonance at 3.3 ppmandDMSO-SCH3 resonance at 2.1 ppm,
respectively.

Figure 3. 1H-1H DQMAS NMR spectrum of DMMP fortified resin
at 850.1 MHz and 50 kHz MAS, acquired under the following experi-
mental conditions: τexc= 20 μs, 128 t1 increments at steps of 20.0 μs, re-
laxation delay 5 s, 16 transients per increment. Twelve positive contour
levels between 12% and 95% of the maximum peak intensity were
plotted. The F2 projection is shown on the top. The back-to-back
(BaBa)59 recoupling sequence was used to excite and reconvert double-
quantum coherences, applying States-TPPI60 for phase sensitive detec-
tion. DQ peaks between like or unlike spins are colored in red and blue,
respectively.
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observed. In comparison to pure DMMP, both resonances
are shifted to higher ppm values (ca. þ5 ppm) possibly re-
flecting packing or conformational effects other than π-
shifts associated with aromatic moieties62 since in compar-
ison to liquid-state NMR chemical shifts, ring current effects
typically result in lower ppmvalues.Notably at temperatures
below -20 �C the aromatic carbon resonances of the bi-
sphenol A moiety at 128 and 115 ppm split into two re-
sonances each, indicating a slowing down of the well-known
phenyl flip motion.

In order to identify the possible presence of various
P-CH3 environments and hence fortifier species, we ac-
quired a 1H-13C heteronuclear correlation spectrum apply-
ing the rather selective recoupled polarization transfer
(REPT) technique that is based on rotational echo double
resonance (REDOR)-type recoupling of the otherwise aver-
aged heteronuclear dipolar coupling.63,64 Specifically, initial
1H magnetization is used to create a heteronuclear single-
quantum coherence (HSQC), which is subsequently moni-
tored in the indirect dimension (t1) before it is converted to
13C magnetization that is acquired in the direct dimension
(t2). Here, proper setting of the dipolar recoupling time (1-8
τR; with tR= 33.6 μs) allows to distinguish both short-range
and/or long-range contacts.

The corresponding REPT-HSQC spectrum of DMMP
fortified resin is given in Figure 5a, while Figure 5b provides
a zoom into the 13C spectral region of 10-60 ppm, where the
(intramolecular) fortifier POCH3 and P-CH3 crosspeaks
are highlighted. While no unambiguous crosspeaks between
the host matrix and fortifier could be obtained, even at
recoupling periods as high as 8τR and a temperature of
-20 �C, two distinct P-CH3 peaks can be identified suggest-
ing a rather ill-defined fortifier environment. When repeat-
ing such correlation experiments with resins fortified with
selectively deuterated DMMP (either dimethyl-d6-methyl
phosphonate or dimethyl methyl-d3 phosphonate) the corre-
sponding POCH3 or P-CH3 peaks vanished. Also, in case of
unfortified resin, no intensity in the respective spectral region
is observed.

4.2. 31P NMR and 2D 1H-31P Correlation NMR. As an
independent probe, we acquired a proton decoupled 31P
MASNMR spectrumof theDMMP-fortified resin. It shows
a fairly broad peak centered at 22.7 ppm indicating a
chemical shift distribution typically observed in polymeric
systems. Most notably, the peak is shifted≈11 ppm to lower
ppm compared to pristine DMMP, which appears rather
unlikely to originate simply from (e.g., aromatic) packing
effects (Figure 7). Variable temperaturemeasurements in the
range from -20 to þ100 �C yielded significantly narrowed
linewidths (1248 Hz at-20 �C, 222 Hz atþ100 �C at 25 kHz
MAS) while the resonance shifts only slightly (Δδ = -0.7
ppm) with increasing temperature, hence suggesting local
melting of the network structure and possibly softening of
(weaker) hydrogen-bonds. In case of fairly strong hydrogen
bonds breaking near the glass transition temperatureTG, the
resonance shift should be considerably larger, which is not
observed. Since in other cases of phosphorus-based additive-
modified polymer systems a partial aggregation of the
additive(s) was proposed,29,30 possible clustering of DMMP
in DMMP-fortified epoxy resin was investigated via a 31P
DQ filtered experiment. In such an experiment, a DQ signal
in principle can only be produced if at least two 31P spins (like
or unlike) are coupled. Specifically, the symmetry based
R142

6 pulse sequence65 that reintroduces the homonuclear
dipolar coupling under moderately fast MAS was employed
at varying recoupling times ranging from 2.4 ms up to 10ms.
However, even at low temperature and a rather long recou-
pling time, only a faint DQ signal was observed. This finding
demonstrates that merely a negligible fraction of fortifier
molecules are in close spatial proximity.

In contrast to the 1H-13C REPT-HSQC spectra where
no unambiguous contact peaks between both the fortifier
and polymermatrix could be identified, a contact peak of the
aromatic bisphenol A moiety and the phosphonate can be
observed in the respective 1H-31P REPT-HSQC spectra of
DMMP fortified resins. In particular, resins fortified with
either dimethyl-d6 methyl phosphonate (DMMP-d6) or

Figure 4. (a) 13C CP-MAS spectrum of the unfortified resin with peak
assignment. Because of local symmetry of the bisphenol Amoiety, both
aromatic units attached to the quaternary carbon appear equivalent.
(b) Stack plot of the 13C CP-MAS spectra (region 0-90 ppm) of
unfortified and DMSO or DMMP fortified resins. Noticeable differ-
ences in case of DMMP fortified resin are marked by green circles, and
resonances assigned to the respective fortifier are shaded. All spectra
were acquired at 125.77 MHz using a Bruker DSX 500 machine with a
contact time of 2 ms coadding 6144 transients. The experiments were
carried out using a Bruker 2.5 mm double resonance MAS probe
spinning at 25 kHz, a π/2-pulse length of 2.5 μs, and a recycle delay
of 5 s.



Article Macromolecules, Vol. 43, No. 17, 2010 7205

dimethyl methyl-d3 phosphonate (DMMP-d3) were com-
pared to a fully protonated sample (Figure 6), thus revealing
trivial intramolecular P-CH3 (blue) and P-OCH3 (red)
contact peaks. Clearly, the peak at δ(1H) = 6.7 ppm reflects
spatial proximity of matrix protons (bisphenol A) and the
fortifier (cf. Figure 1). Nevertheless, in order to verify that
the peak does not reflect hydroxyl protons obtained upon
ring-opening (which in principle could be considerably
shifted to higher ppm due to hydrogen bonding), a resin
cured with deuterated amines was also measured. It yields
the same contact peaks as the fully protonated sample
thereby approving spatial proximity of the phosphonate to
bisphenol A moieties, in accordance with the 2D 1H DQ
correlation experiment (cf. Figure 3).

4.3. Chemical Shift Computations. Since the 13C and 31P
chemical shifts of DMMP structural motifs change upon
fortification, we explicitly considered the influence of the
bisphenol A moiety on the NMR chemical shifts of the
fortifier molecules by computing the magnetic response field

induced by this aromatic fragment. According to the ob-
tained NICS map (which has been previously used to in-
vestigate both host-guest interactions66 and packing be-
havior of liquid crystalline phases67 (illustrated in Figure 7))
any nucleus located at the closest possible position to the
bisphenol A moiety will experience π-shift no larger than
2.5-3.0 ppm, suggesting that the observed chemical shift
changes in case of DMMPmainly result from chemical modi-
fications upon curing of the resin. Since DMMP (apart from
its commercial use as flame retardant) can be used as mild
methylating reagent of, e.g., carboxylic acids and (preferably
aromatic) amines, yielding the anion methyl methyl phos-
phonate (MMP),68 we considered a DMMP fortified resin
whose curing process was stopped after gelation (precure at
50 �C for 3 h).

As expected, the resulting resin has a reduced glass transi-
tion temperature of TG = 70 �C (fully cured: TG = 99 �C)
while its 31PMASNMR spectrum (Figure 8) clearly displays
two resonances at 22.7 and 33.1 ppm, respectively, with an
integrated area ratio of about 2:3. The signal at 22.7 ppm
(MMP) is typically found for fully cured resins whereas the
peak at 33.1 ppm is attributed to yet unreacted DMMP
(based on the fact that the 31P chemical shift of DMMP
dissolved in DMSO is 34.0 ppm). This assignment is further
corroborated by a resin fortified with methyl methylpho-
sphonic acid (MMPA), i.e., protonated MMP, which dis-
plays a broad signal around 22.7 ppm, thus indicating a
similar phosphorus species compared to a DMMP fortified
resin. While both DMMP and DMSO fortified resins are
transparent and appear to form a homogeneous phase (at
least upon eye inspection), MMPA fortified resin is not.
Rather, upon mixing of the polymer monomers, MMPA
forms a salt with the amines (extender, cross-linker) that
precipitates from the solution thereby preventing a uniform
distribution of themonomers. This observation suggests that
DMMP apparently possesses a beneficial reactivity as it
reacts slow enough to ensure homogeneous mixing of the
monomer components and at the same time fast enough to
avert prolonged curing of the resin.

The 31P chemical shift of MMP anions within the cavity
(based on the averaged absolute chemical shieldings of 40
randomly sampled snapshots along a CPMD trajectory of
the “non-branched” model) was computed 13 ppm lower
than the corresponding 31P chemical shift of an isolated
DMMP molecule (reference CPMD simulation), which is
in good agreement with the experimental observations (Δδ≈
-11 ppm). Most notably, the experimentally observed trend
of the 31P chemical shift cannot be reproduced by mere salt
formation (i.e., simple MMP anion) without attributing
additional screening effects of the host including weak
hydrogen-bonding interactions, as demonstrated in case of
the “ionic liquid” where Δδ(31P)≈-24 ppm was computed.

4.4. 15N NMR. Since conversion of DMMP into MMP
during the postcure yields ammonium ions, resins were cured
with 15N-labeled ethylenediamine in order to identify the
presence of such species with a sufficient signal-to-noise ratio
within reasonable NMR time. Indeed, the 15N CPMAS
spectrum of DMMP fortified resin (Figure 9a) exhibits a
broad peak at -353.4 ppm (reflecting major parts of the
cross-linked resin) in addition to two fairly small resonances
at -321.2 and -326.7 ppm, respectively, that are absent in
the corresponding 15N CPMAS spectra of either unfortified
or DMSO fortified resin. Notably, the 15N CPMAS spec-
trum of an only precured DMMP fortified resin shows the
two additional resonances with weak intensity. Therefore,
the two minor peaks are assigned to differently substituted
ammonium ions (i.e., bearing one or two methyl groups

Figure 5. (a) 1H-13C REPT-HSQC spectrum of DMMP fortified
resin recorded at 850.1MHz and29762HzMASusing aBrukerAvance
III spectrometer with a commercially available Bruker 2.5 mm double-
resonance MAS probe, π/2-pulse lengths of 2.5 μs for both 1H and 13C
and a recoupling time of 6τR ≈ 0.2 ms. A total of 24 t1 increments at
steps of 33.6 μs (=1tR) and 2048 transients per increment have been
added with a relaxation delay of 3 s. Eleven positive contour levels bet-
ween 10% and 90% of the maximum peak intensity are plotted; the F2
projection is shown on top. In addition to correlation peaks reflecting
mere one-bond correlations, more remote couplings between nuclei are
also observed. This is illustrated with a representative cutout of the
polymer backbone next to the spectrum. Through-space polarization
transfer is represented by arrows. (b) Zoom into the spectral region
10-60 ppm. Note the splitting of the P-CH3 resonance.
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thereby reflecting nonbranched or branched nitrogens) that
increase in intensity with proceeding demethylation of
DMMP while the possible presence of protonated tertiary
amines can be excluded. Though upon reaction of DMMP
with secondary or primary amines, methyl methyl phospho-
nic acid (MMPA) may be formed as an intermediate, it is
most probably deprotonated in the presence of excess
amines. Protonated amines, however, are known to react
readily with epoxy rings, thus rendering their existence in the
cured resin very unlikely.69 In contrast, at precure conditions
(50 �C), uncharged tertiary amines such as those formed
during cure (that comprise the polymer backbone) do not
open epoxy rings.70 This was checked by adding either
triethylamine or triethylamine hydrochloride to an excess
of Epon 825 (the epoxy precursor), where only the latter
readily reacted at 50 �C. Also, further experiments with
triethylamine indicate that DMMP does not methylate
tertiary amines at this temperature. In conclusion, the poly-
mer backbone gets only charged by the reaction of proto-
nated amines with epoxy rings until the start of the postcure
at 110 �C (Figure 9b).

4.5. Deuteron NMR. The relative strengths or impact of
molecular or electrostatic interactions of the respective for-
tifier with the polymer host can be conveniently assessed by
probing local dynamics of the fortifier molecules. Specifi-
cally, the deuteron is a spin-1 quadrupolar nucleus where the
interaction of the nuclear quadrupole moment with a local

electric field gradient around the 2H nucleus of interest is
very sensitive to molecular reorientations due to motions,
thus providing orientation-dependent splittings of the line
shape.71 The rate and possible geometries of underlyingmot-
ions may be extracted via matching of experimentally obser-
ved spectral lineshapes with computed lineshapes that result
from a given model.72,73

Though in difficult cases experimental lineshapesmay be
reproduced by several distinct models,74 2H NMR still
provides a fairly easy access to local geometries of mobile
species.75 In cases where more than one deuteron site is
considered, improved spectral resolution and substantial
gain in signal-to-noise can be achieved with 2H MAS
NMR. Under slow MAS, the envelope of the respective
spinning sideband pattern reflects the static line shape and
in case of known geometries allows for extraction of
dynamic rates (and hence, molecular correlation times).71

Figure 6. 1H-31PREPT-HSQCspectra at 700.1MHz (1H)/283.4MHz (31P) and 29762HzMASof a fully protonatedDMMPfortified sample (left),
a resin fortified with dimethyl methyl-d3 phosphonate (middle) and dimethyl-d6 methylphosphonate (right). All spectra were acquired using a Bruker
Avance 700 machine equipped with a commercially available Bruker 2.5 mm double-resonance MAS probe. A total of 64 t1 increments at steps of
33.6 μs and 256 transients per increment at a relaxation delay of 5 s have been added employing the States-TPPI60method for phase sensitive detection.
π/2-pulse lengths were of 2.5 μs for 1H and 31P and a recoupling time of 4τR≈ 0.13 ms was applied. Then 11 positive contour levels between 15% and
95% of the maximum peak intensity were plotted; the F2 projection is shown on the top.

Figure 7. Calculated NICS map of a simplified model system repre-
senting a “non-branched” polymer fragment.

Figure 8. 31P CPMAS spectrum of a precured (3 h at 50 �C) DMMP
fortified resin at 202.45MHz and 25kHzMASusing aBrukerDSX500
machine, a contact time of 250 μs coadding 256 transients; π/2-pulse
length of 2.5 μs and a recycle delay of 5 s. The contact time was held
short to ensure polarization transfer originating from the methyl group
directly bound tophosphorus only.Under such conditions, the intensity
of both resonances should be approximately proportional to the
number of phosphorus spins. This leads to an estimated DMMP
conversion of 40%.
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Since the width of MAS spinning sidebands is sensitive to
exchange broadening, dynamic heterogeneities may be
more easily identified under MAS conditions, but gener-
ally, motional broadening cannot be undone by MAS. If
the inverse correlation time of the considered molecular
motion (that is the jump rate of the C-D bond between
different sites or orientations) approaches the MAS rate,
both interfere and the line shape substantially broadens.
When the rate of reorientation of the C-D bonds can be
described by a rather narrow distribution function (like in
case of well-defined motions),76 even complete loss of
signal intensity can be observed. In contrast, rather ill-
defined motions that are reflected by a large distribution of
correlation times where only a small fraction of C-D
bonds fulfills the interference condition, yield only moder-
ate line broadening.77 In fact, the latter is observed in
variable temperature 2H MAS NMR spectra of both
DMMP-d3 and DMSO-d6 fortified resins at temperatures
slightly belowTG (≈50 �C forDMSO-d6 and around 100 �C
for DMMP-d3) of the respective resin (see Supporting
Information).

While only one peak at 2.1 ppm is observed for DMSO-d6,
the corresponding 2H MAS NMR spectrum of dimethyl
methyl-d3 phosphonate at -20 �C (Figure 10) reveals two
distinct deuteron resonances at 2.0 and 0.1 ppm, respectively,
with an integrated area ratio of ≈1.1:1, thus indicating two
inequivalent phosphonate species in the resin, which is in
good agreement with the previously observed splitting of the
P-CH3 resonances in the 1H-13C REPT-HSQC spectrum
of aDMMP fortified resin. Notably, at higher temperatures,
both peaks collapse to a single line at an averaged chemical
shift of 1.0 ppm.

Similar to 2H MAS NMR spectra, the static 2H NMR
line shape is governed by the orientation of the individual
C-D bond directions relative to the external magnetic

field. The angular dependent quadrupolar coupling is then
given by

ω ¼ ωL (
1

2
ωQð3 cos2 θ- 1-η sin2 θ cos2 jÞ ð1Þ

where ωL is the Larmor frequency including the isotropic
chemical shifts and ωQ denotes the strength of the quad-
rupolar coupling. The asymmetry parameter η describes
the deviation from axial symmetry while the angles θ andj
are the polar angles of themagnetic field Bo in the principal
axes system of the quadrupolar coupling tensor. For rigid
C-D bonds, its unique axis is along the C-D direction. In
a powder, the maximum frequency splitting of the singu-
larities is then ωQ ≈ 2π � 128 kHz. However, in the
presence of rapid molecular motion, the quadrupolar
interaction can be partially averaged, thus yielding an
averaged quadrupolar coupling tensor. Note that even in
case of η = 0, the asymmetry parameter of the averaged
tensor ηh can be unequal to zero. If molecular motion is
present on a time scale in the order of the width of the
spectrum (i.e., several kHz), lineshapes are dependent on
both type and rate of the respective motion. It is crucial to
note that only in the rigid and rapid exchange limit the
spectra are identical to those obtained by a (hypothetical)
conventional one-pulse experiment.27 If the molecular
motion approaches the intermediate exchange region, the
application of the quadrupole echo is connected with a
substantial loss of spectral intensity.

Deuteron solid state echo experiments79 at temperatures
ranging from -100 to þ60 �C were recorded for both
dimethyl methyl-d3 phosphonate and dimethyl-d6 sulfoxide
fortified resins, respectively. Both show distinct differences
with respect to the onset of motion and the development of
the line shape with increasing temperature. In both cases,
preaveraging of the quadrupolar coupling tensor due to
rapid axial rotation of the P-CH3 and S-CH3 groups is
observed yielding a frequency splitting of ωQ ≈ 2π � 43
kHz (≈1/3 of the rigid limit). Notably, only the width of the
static pattern is reduced, not the shape.

For simulations of the 2H dynamic line shape, bond angles
of DMSO were taken from literature data80 while appro-
priate bond angles for MMP were derived from a DFT
optimized model geometry (see below). Indeed, the obtained
geometry depends on the level of theory but variances are
typically in the order of ≈1� providing reasonable accuracy,

Figure 9. (a) 15N CPMAS spectrum of DMMP fortified resin cured
with 15N-labeled ethylene diamine. Schematic structures of the respec-
tive polymer backbone cutouts are given: Ep denotes the polymer
backbone and R aliphatic residues (cf. Scheme 2). The spectra were
acquired at 30.42 MHz using a Bruker Avance II 300 machine with a
contact time of 3 ms, coadding 45056 transients. The experiments were
carried out using aBruker 4mmdouble resonanceMASprobe spinning
at 10 kHz, π/2-pulse length of 4.0 μs and a recycle delay of 6 s. (b) Sche-
matic reaction of a protonated tertiary amine, as it is formed in the
polymer matrix after intermediate formation of MMPA during cure,
with an epoxy ring. This reaction is faster than ring-opening with an
unprotonated tertiary amine.

Figure 10. 2H MAS NMR spectrum of dimethyl methyl-d3 phospho-
nate fortified resin at 107.5MHz, 29762HzMAS, and-20 �C. The line
shape was deconvoluted with DMFit78 yielding two Lorentzian lines at
0.1 and 2.0 ppm, respectively, with comparable linewidths of 303 Hz
(blue) and 257 Hz (green).
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particularly with respect to the distribution of local environ-
ments of the respective additive in the resin.

All 2HNMR line shape simulations were conducted using
the NMR-WEBLAB.73 In case of DMSO-d6, line shape
deconvolution based on the simple 2-site jump model on a
single cone assuming a 180� flip angle around an axis
centered between both S-C bonds (Figure 11) sufficiently
reproduced the experimental data, where the applied cone
opening angle of≈48� is slightly smaller than expected for an
ideal tetrahedron (54.8�). A possible distribution ofmotional
correlation times reflecting different local environments of
DMSO-d6 in the resin was accounted for by applying a
Lorentzian broadening of 5 kHz when fitting the experi-
mental data. For a well-defined local jump motion the mean
exchange rate ÆΩæ is expected to follow an Arrhenius-type
law

ÆΩæ ¼ Ω¥e
- ÆEAæ=RT ð2Þ

whereΩ¥ denotes the exchange rate at infinite temperature.
ÆEAæ is the mean activation energy for the center of the
distribution and (according to (3)) may be obtained from
the slope of a plot of lnÆΩæ vs the inverse temperature

lnÆΩæ ¼ ln Ω¥ - ðÆEAæ=RÞ � 1=T ð3Þ

In case of DMSO-d6, this analysis yields a mean activation
energy of 20.3 kJ/mol, which is almost identical to the
previously reported activation energy of the well-known
methyl rotation in DMSO81 rendering significant interac-
tions between DMSO and the resin unlikely. For compar-
ison, 2H solid echo spectra of pristine, frozen DMSO-d6 at

temperatures ranging from -120 to þ20 �C (melting point:
18 �C)were recorded in steps of 10 �C. In contrast toDMSO-
d6 included in the epoxy resin, the 2H line shape resembles a
Pake pattern at all temperatures indicating the absence of
extensivemotion. In conclusion, this finding supports amere
filling of free volume of DMSO in the resin (similar to
host-guest inclusion), where the absence of hydrogen bond-
ing allows for a free molecule behavior of DMSO.

In the case of dimethyl methyl-d3 phosphonate (DMMP-
d3) fortified resin, the experimental lineshapes cannot be
reproduced with a single type of motion (Figure 12). At least
two sets of PAKE pattern have to be considered, which
indeed is consistent with the likely presence of two different
phosphonate species already identified (see above). It can be
readily seen from a direct comparison of the corresponding
2H solid echo spectra of both DMSO-d6 and DMMP-d3
fortified resin that the onset of an additional motion (other
than mere methyl rotation) in case of DMMP-d3, as indi-
cated by characteristic line shape changes, occurs at con-
siderably higher temperature (ΔT = 60 �C) than observed
for DMSO-d6, probably reflecting rather strong (electro-
static) interactions between the fortifier and the resin (recall
that demethylation of DMMP upon curing yields charged
species). The simplest model that accounts for two different
phosphonate species while satisfactorily reproducing the
experimental lineshapes comprises a superposition of two
patterns where one reflects a rather rigid fraction with ωQ ≈
2π � 42.6 kHz while in case of the more mobile fraction,
further averaging of the quadrupolar coupling is achieved by
fairly small angle oscillations (“wobbling”) around the PdO
axis. At higher temperatures, the fraction of the mobile
species increases at expense of the rigid fraction until around

Figure 11. (a) Static variable temperature 2H solid echo measurements of DMSO-d6 fortified resin at 76.8MHz. A total of 3072 scans were taken at a
relaxation delay of 0.5 s using an echo delay of 20 μs and a π/2-pulse width of 5 μs. (b) Comparison of experimental data obtained at -20 �C with
simulated spectrum. Simulation is shown for a cone opening angle of 48� at a hopping rate ofΩ = 180 kHz for the methyl groups. At -20 �C both
“horns” of the rigid limit spectrum start to collapse into one line that further narrows at higher temperatures.
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TG, where isotropic tumbling accompanied by substantial
line-narrowing is observed. As both subspectra arise from
deuterons “hopping” either in the fast or static limit (i.e., the
motion is either below or above the kHz regime), the re-
spective fractions can be estimated from the area under the
subspectra without further corrections.

Aging of the Resin. When the DSC measurements were
repeated using approximately six months old own-synthe-
sized samples aswell as rather long-term stored samples from
the previous study (kindly provided by M. Junk), the result-
ing glass transition temperature of bothDMSO fortified and
unfortified resin has decreased by only 3 and 4 �C, respec-
tively. In contrast, both DMMP fortified resins revealed a
substantial decrease of TG very close to the TG of an

unfortified resin, suggesting complete loss of fortification.
However, the corresponding 1H and 13C (CP) MAS NMR
spectra of the aged samples are virtually identical to the
spectra of freshly prepared compounds indicating only min-
or (local) structural changes. Nevertheless, static variable
temperature 2H solid echo spectra of a freshly synthesized
DMMP-d3 fortified resin exhibit very similar lineshapes
compared to an aged resin except that for a given jump rate
to be reached, the fresh resin has to be heated around 15 �C
higher than the aged resin. This finding approves the validity
of the fortifier jump model independent of the age of the
resin, where reduced fortifier motion at a given temperature
in the case of fresh resin indicates changes of the fortifier-
epoxy network interactions upon aging. In order to possibly

Figure 12. (a) Variable temperature 2H solid echomeasurements of dimethylmethyl-d3 phosphonate fortified resin at 76.8MHz. 3072 scanswere taken
at a relaxation delay of 0.5 s using an echo delay of 20 μs and a π/2-pulse width of 5 μs. Characteristic line shape distortions occur in the range from
þ8 �C to approximately þ70 �C before an isotropic line is observed at higher temperatures. (b) Schematic model illustrating the “wobbling” motion.
Mathematically, this is describedbya jumpangle of 360�(j, wherej is an angle describedbyaGaussiandistributionwith 2σ=90�. The cone opening
angle isθ=71�. Five kHzLorentzian broadeningwas applied for the simulations. (c) Comparison of experimental data obtained atþ8,þ12,þ16, and
þ40 �C and simulated spectra, where the simulated spectra differ in the fraction of the mobile (“wobbling”) component.
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rationalize this aging process, further work on phosphonate-
based fortifier molecules is currently in progress.

5. Conclusion

Applying modern solid-state NMR techniques and ab initio
DFT computations, we gained insight into the mechanism of
molecular fortification of bisphenol A based amine cured model
epoxy resins. In particular, we have demonstrated a “free mole-
cule”-type behavior of DMSO in DMSO-fortified resins similar
to common inclusion compounds such as carceplexes82 thereby
revealingmere filling of free volumeby the additive.Nevertheless,
van der Waals forces between both the resin and fortifier may
weakly connect polymer backbone chains thereby mediating
fortification. Furthermore, a minor decrease of local segmental
polymer backbone motion is likely. In case of DMMP-fortified
resins, however, chemical modification of the epoxy resin is
observed, yielding the fortifier methyl methylphosphonate
(MMP). Notably, methylation of amines during postcure par-
tially proceeded to the formation of quaternary ammonium
species thus introducing positive charges on the polymer back-
bone. Indeed, the onset of “wobbling” motion ofMMP at rather
high-temperatures and the likely presence of two different MMP
species within the resin clearly reflect pronounced interactions of
MMP with the resin, suggesting a complex mechanism of
fortification. This is also evident in the lack of suppression of
the β-relaxation transition which is in general observed for
fortified polymer systems by dynamic mechanical analysis. The
tentative suggestion of H-bonding as substantial contribution to
the effect of fortification can be excluded for both fortifiers.
Rather, electrostatic interactions between MMP and positively
charged nitrogens keep both moieties in close spatial proximity
(which could be regarded as further branching where MMP acts
as short “side chain”) thus restricting the local motion of
neighboring polymer moieties or apparently increasing the local
cross-link density of the resin. Further investigations are required
to rationalize both the observed loss of fortification upon aging
and impact of salt formation on the fortification of epoxy resins.

Supporting Information Available: Figures showing addi-
tional DQ MAS and REPT-HSQC spectra not shown in the
main text as well as complete ref 42. This material is available
free of charge via the Internet at http://pubs.acs.org.
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