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The crystal structure of the environmentally friendly flame retardant melaminium polyphosphate (MPoly)
(2,4,6-triamino-1,3,5-triazinium‚PO3)n was determined by a direct-space global optimization technique from
X-ray powder diffraction data. Solid-state NMR was used to corroborate the proposed hydrogen-bonding
model and to determine the average degree of polymerization (n > 100). An analysis of the crystal structure
of MPoly reveals aspects of molecular geometry and packing that are characteristic for melamine-containing
compounds and polyphosphate salts. A comparison of MPoly with the crystal structures of its precursors
melaminium orthophosphate (MP) and melaminium dihydrogenpyrophosphate (MPy) provides insight in the
mechanism of the endothermic dehydration processes that takes place in the reaction path MPf MPy f
MPoly. Solid-state NMR characterization of various samples of the same batch showed inhomogeneities in
the MPoly composition. Various quantities of orthophosphates were found, which cannot be assigned to be
MP.

Introduction

Most polymers that are widely used in industry and consumer
products are not intrinsically flame-retardant and burn com-
pletely after catching fire. An efficient and cheap way to reduce
their flammability is to admix flame retardants. During the past
years, a large interest has arisen in melamine-phosphate-based
flame retardants (MPBFRs).1-8 These nonhazardous and envi-
ronmentally friendly materials are considered to be an attractive
alternative to halogen-containing flame retardants. The latter
release toxic and corrosive gases during combustion and are
increasingly banned by more stringent legislation for that reason.

MPBFRs are salts of melamine and a phosphate, either
orthophosphate or condensed forms of phosphate, such as
pyrophosphate and polyphosphate that result from a thermal
condensation.1 Often in these compounds, the melamine moiety
is a cation (melaminium) with an endocyclic nitrogen being
protonated because of hydrogen transfer from a phosphate.

MPBFRs are polycrystalline materials with high thermal
stability and very low solubility in water and organic solvents.2,3

They are admixed in many industrial and consumer products
that require protection against fire, for example, plastics1,6 and
coatings.3 MPBFRs are active in the condensed phase: During
combustion, an organic-inorganic porous char layer is formed
at the surface of the polymer that shields off the polymer from
heat, air, and pyrolysis products. Although phosphoric acid
shows catalytic activity and melamine is involved in the
intumescence process (“swelling”) that leads to the char layer
as a blowing agent, the precise flame-retardant mechanism of
MPBFRs and the role of the individual components therein have
not been clarified completely.

Flame-retardant activity of MPBFRs such as melaminium
orthophosphate (MP),1-3,9 melaminium dihydrogenpyrophos-
phate (MPy)1-3,8,9and melaminium polyphosphate (MPoly)1,2,5

is well-established. The polycondensation process from MP via
MPy to MPoly that influences the flame-retardant activity,3 does
not seem to have been studied in detail from a structural point
of view, mainly because of the polycrystalline nature of the
materials. In recent years, however, considerable progress has
been made in solving crystal structures from X-ray powder
diffraction (XRPD) data using direct-space search methodology
(see ref 10 and references therein). In addition, solid-state NMR
has proven to be well-suited to investigate hydrogen-bonded
systems such as benzoxazine dimers and oligomers.11-14

Recently, we elucidated the crystal structures of the compounds
MP15 and MPy16 using the above-mentioned techniques and
density-functional calculations. Here, we report the structure
of the melamine polyphosphate MPoly (degree of polymeriza-
tion > 100).

To establish common packing characteristics and aspects of
molecular geometry, the crystal structure of MPoly is compared
with those of MP, MPy, other melamine-containing compounds,
and polyphosphate salts. An analysis of the crystal-structure
models of MPoly, MPy, and MP delivers detailed information
concerning the condensation reaction route MPf MPy f
MPoly that is important in understanding the flame-retardant
activity.1

Experimental Section

Synthesis. The samples were obtained from DSM who
manufactured the material in accordance with their industrial
procedures: The synthesis of MPy was carried out as discussed* brodski@science.uva.nl.
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in ref 16. MPoly (white crystalline powder) was synthesized
through thermal curing of MPy for 3 h at 280°C, which resulted
in a batch of 0.5 kg MPoly from which various samples were
taken. The samples originating from this batch showed signifi-
cantly different properties. Solid-state NMR established the
degree of polymerization to be in the range 100-170, but to
be at least∼100 in all cases, and showed the presence of a
large amount (up to 24%) of orthophosphate impurities. With
XRPD, a minor crystalline phase was detected, but the amount
varied from sample to sample. Despite the significant spread
in the degree of polymerization and the orthophosphate impurity
level, all samples contained the same crystalline phase of MPoly.
The differences between the samples are attributed to an
inhomogeneous batch of MPoly due to inhomogeneous heat
transfer and insufficient mixing during the synthesis.

Crystallographic Methods. Single crystals of MPoly could
not be grown, so the crystal structure had to be determined on
the basis of XRPD data. An XRPD recording was made at room
temperature with an Enraf-Nonius FR 552 Guinier Johansson
camera equipped with a Johansson monochromator17 and using
Cu KR1 radiation (λ ) 1.540 60 Å). The sample was prepared
by pressing the powder into a thin layer onto Mylar foil. During
data collection, the sample was rotated to improve particle
statistics. For indexing,18 the accurate positions of 60 lines in
the interval 2θ ) 0.0-42.0° were read off from the Guinier
photograph. For the structure determination and Rietveld
refinement, the Guinier photograph was read out with an optical
instrument and, using a Johansson LS-18 microdensimeter,
digitized to a pattern with a step size of 0.01° 2θ.

An initial molecular model of MPoly was built, consisting
of two melamine moieties and one P2O7 moiety in their
respective geometries in MPy.16 To position the moieties in the
asymmetric part of the unit cell, the Monte Carlo code Organa19

was used. Only non-hydrogen atoms were considered at this
stage.

The crystal structure solution obtained with the Monte Carlo
calculations was used as the starting model in a Rietveld
refinement using the programGSAS.20 The peaks in the range
2θ ) 6.49-80.35° were fitted with a split-type pseudo-Voigt
peak-profile function.21,22 The background was modeled by a
Chebyshev polynomial of the first kind with 14 parameters. The
preferred orientation was described with a spherical harmonics
function.23 The isotropic displacement parametersUiso of
identical atom types were coupled, and a small damping was
applied during all refinement stages. TheUiso values of hydrogen
atoms were not refined.

To avoid distortion of the model, in the refinement process,
each bond length and bond angle in the molecule were restrained
using an ideal value and an associated standard unit (s.u.) (the
function that was minimized during the restrained refinement
is defined in expression 1 of ref 24). Distance and angle
restraints were obtained by averaging the corresponding quanti-
ties in the structures of polyphosphate salts,25-31 MP,15 MPy,16

and other compounds with a positively charged (+1) melamine
moiety as present in the Cambridge Structural Database.32 The
non-hydrogen atom s.u.’s of the restraints were taken as 1%
and 5% for bond distances and bond angles, respectively. For
hydrogen atoms, the respective s.u.’s were taken as 0.01% and
0.05%. The initial, strong restraints (weighting factorf ) 1000,
expression 1 of ref 24) were gradually reduced to soft restraints
(f ) 5) in the final refinement.

Solid-State NMR Spectroscopy.Single-pulse1H magic-
angle-spinning (MAS) solid-state NMR spectra of MP, MPy,
and MPoly were obtained at a static field of 18.8 T (Varian

Inova) and sample-spinning frequency of 49.0 kHz using a
home-built probehead based on a Samoson33-type MAS as-
sembly. The 31P cross-polarization magic-angle-spinning
(CP-MAS) spectra were acquired at a static field of 7.05 T
(Chemagnetics Infinity) and sample-spinning frequencies of
4.0 kHz and 12.0 kHz using a CP contact time of 4 ms.
Continuous-wave decoupling with1H nutation frequency of
100 kHz was used during acquisition at 4 kHz spinning, while
two-pulse phase modulation (TPPM) decoupling34 with a 1H
nutation frequency of 100 kHz, pulse durations of 4.8µs, and
radio frequency phases of(12° was used during acquisition at
12 kHz spinning. The two-dimensional1H-31P heteronuclear
correlation spectrum of MPoly and MP were obtained at a static
field of 7.05 T and a sample-spinning frequency of 12.0 kHz.
Frequency-switched Lee-Goldburg homonuclear decoupling35

with a nutation frequency of 100 kHz, frequency jumps of
(70.711 kHz, and an overall offset of-1.5 kHz was used in
the indirect1H dimension. The1H magnetization was transferred
to 31P using Lee-Goldburg cross-polarization36 with a duration
of 0.2 ms. TPPM decoupling with a1H nutation frequency of
100 kHz was applied during acquisition. The pulse durations
and radio frequency pulses for TPPM were given by (5µs,
(30°) and (5.4µs, (15°) for the MPoly and MP sample,
respectively. The31P single-pulse spectra of two samples of
MPoly were acquired at a static field of 9.4 T using a spinning
frequency of 12 kHz. In both cases, proton decoupling with a
nutation frequency of 56 kHz was used during acquisition. The
31P T1 measurements were performed under the same experi-
mental conditions by a31P saturation recovery MAS experiment.

Results and Discussion

X-ray Analysis and Structure Determination of MPoly.
The indexing of the XRPD pattern by the programITO18 yielded
a monoclinic unit cell (Table 1) and two possible space groups,
C2/c or Cc. Despite the high indexing figure of merit (M20 )
62), a number of weak lines could not be indexed, indicating
the presence of another minor crystalline phase. The pattern of
a second sample from the same MPoly batch revealed the same
peak positions and relative intensities for the main crystalline
phase, suggesting that the same MPoly has been formed during
the polycondensation. The peak positions of the nonindexed
peaks in both samples were the same. However, the relative
intensities of the nonindexed peaks in the second sample
appeared to be∼4 times larger than those in the first sample.
For this reason, the first sample has been chosen for further
analysis.

For structure determination, the space groupCc was chosen,
because its symmetry elements are a subset of those ofC2/c.
In accordance with this choice, 2 melamine moieties and 1 P2O6

fragment of an infinite chain of phosphates are expected in the
asymmetric part of the unit cell. The calculated density
(dc ) 1.78 g cm-3) corresponds reasonably well with the
experimental density (dm ) 1.82 g cm-3). At the first stage of
the structure determination, the P2O7 moiety was considered
(see Experimental Section). When theRw factor dropped below
30% during the Monte Carlo run and a preliminary model of
MPoly was obtained, an analysis pointed out that one of the
oxygen atoms should be omitted from the P2O7 moiety, and
the calculation was continued with the P2O6. Finally, the
calculations were stopped when theRw factor became∼10%
for 101 low-angle reflections (resolution≈ 2.0 Å).

After finishing the refinement inCc, a check for possible
missing symmetry indicated that the symmetry should be
changed toC2/c. After this, a final refinement has been carried
out in C2/c.
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In addition to the hydrogens bonded to the exocyclic
nitrogens, assumed to be in the usual planar-NH2 conforma-
tion, one other hydrogen also had to be positioned inC2/c in
order to neutralize the charge. One of the endocyclic nitrogens
of the melamine moiety has a short contact with an oxygen
atom of the polyphosphate, suggesting a hydrogen bond. A
comparison of the crystal structure of MPoly with those of other
melamine phosphates suggested the protonation shown in Figure
1. The structure model obtained after the unrestrained refinement
(Rwp ≈ 0.09; Rp ≈ 0.068) was not completely satisfactory
because of some minor distortions of bond length and bond
angles, and therefore, it was decided to keep soft restraints
(f ≈ 5). Details of the Rietveld refinement are given in Table
1; fractional coordinates and Uiso values of the final structure
are listed in Table 2. Hydrogen bonds are listed in Table 3.
Observed and calculated diffraction patterns show a good
correspondence, even at high 2θ values (Figure 2).

Solid-State NMR Characterization.The single protonation
of the melamines as discussed above is corroborated by solid-
state NMR data. Figure 3a-c shows a comparison of single-
pulse 1H MAS solid-state NMR spectra of MP, MPy, and
MPoly, obtained at an external field of 18.8 T (1H spectrometer
frequency of 800 MHz), using 49 kHz sample spinning to ensure
spectral resolution.

Chemical shifts greater than 10 ppm indicate protons involved
in RsH‚‚‚O hydrogen bonding.37 Assignment of the1H chemi-
cal shifts in MP was done on the basis of1HsX (31P, 15N, 13C)
HETCOR experiments as is discussed more extensively else-
where.38 In the MP spectrum, the resonance at 13.7 ppm stems
from the H-atom bonded to an endocyclic N-atom,15,38whereas
the corresponding resonances in the MPy and MPoly spectra
are only slightly shifted to 13.1 and 13.8 ppm, respectively. In

the MP spectrum, the resonances at 11.1 and 13.2 ppm result
from the H-atoms bonded to the phosphate oxygen atoms.
Because of the condensation of the PO4 groups, only one
resonance of this type remains in the MPy spectrum, and finally,
none remains in the MPoly spectrum. The resonances of the
exocyclic NH2 groups appear in all spectra (MP, MPy, and
MPoly) in the chemical shift range 4-10 ppm, where the
spectral differences support a change in the melamine stacking
and bonding going from MP to MPy to MPoly. More detailed
conclusions cannot be drawn, however. Density functional
theory (DFT) calculations of proton chemical shifts could
provide a deeper insight and are under investigation.

Figure 4 shows single-pulse31P spectra of two MPoly samples
from the same batch for comparison. The resonance at
-25.5 ppm (marked “mid” in Figure 4c) stems from the PO3

TABLE 1: Crystallographic Data of MPoly

crystal data data collection and refinement

formula C3H7N6
+‚PO3

- data range 6.49e 2θ e 80.35°
crystal system monoclinic no. of data points 7635
space group C2/c (no. 15) no. of reflections 1012
Z 8 temperature (K) 294
A (Å) 15.9490(4) GoF 6.22
B (Å) 4.37243(10) Rp (%) 6.82 (6.06)a

C (Å) 22.2410(5) Rwp (%) 9.00 (7.48)a

R (°) 90. no. of refined parameters
â (°) 98.9963(15) lattice 4
γ (°) 90. positional 60
V (Å3) 1531.79(6) thermal 4
dm/dc (g cm-3) 1.82/1.78 texture 15

Profile 10
Background 14
zero-shift 1

a In parentheses, values ofR factors with subtracted background are given.

Figure 1. Labeling of the atoms in the asymmetric part of the unit
cell of MPoly.

TABLE 2: Atomic Coordinates and Isotropic Displacement
ParametersUiso (in Å2) for MPoly

atom X Y Z Uiso

N1 -0.09877(15) 2.3047(6) -0.04036(11) 0.0327(11)
N2 0.01812(16) 2.2611(7) 0.16066(9) 0.0327(11)
N3 -0.03635(26) 2.2885(11) 0.06085(23) 0.0327(11)
N4 -0.1615(4) 1.9954(14) 0.02071(27) 0.0327(11)
N5 -0.10231(25) 1.9857(8) 0.12706(10) 0.0327(11)
N6 -0.22165(19) 1.6898(8) 0.08877(8) 0.0327(11)
C7 -0.09808(30) 2.2001(12) 0.01631(24) 0.0249(21)
C8 -0.04033(31) 2.1798(12) 0.11503(19) 0.0249(21)
C9 -0.1608(4) 1.8891(13) 0.07945(20) 0.0249(21)
P10 0.81017(18) -0.2339(8) 0.27234(15) 0.0256(9)
O11 0.73822(35) 0.0190(14) 0.27570(25) 0.0189(12)
O12 0.82786(32) -0.3621(11) 0.33363(22) 0.0189(12)
O13 0.87966(30) -0.0829(12) 0.24421(26) 0.0189(12)
H14 -0.13965(22) 2.2557(13) -0.06870(14) 0.025
H15 -0.06201(22) 2.4388(8) -0.04733(18) 0.025
H16 0.0197(4) 2.1751(11) 0.19559(11) 0.025
H17 0.05914(20) 2.3780(9) 0.15413(19) 0.025
H18 -0.0980(4) 1.8955(10) 0.16182(11) 0.025
H19 -0.25914(24) 1.6328(13) 0.05879(12) 0.025
H20 -0.2211(4) 1.6103(11) 0.12420(10) 0.025

TABLE 3: Hydrogen-Bonding Geometry in MPoly (Å, °)
donorsH‚‚‚acceptora DsH H‚‚‚A D‚‚‚A DsH‚‚‚A
N1sH14‚‚‚O12i 0.861(4) 2.203(5) 2.875(5) 134.7(4)
N2sH16‚‚‚O13ii 0.860(4) 2.229(7) 2.884(6) 132.9(6)
N2sH17‚‚‚O12iii 0.860(4) 2.112(6) 2.943(6) 162.5(4)
N5sH18‚‚‚O13iV 0.861(4) 1.923(7) 2.682(7) 146.4(5)
N6sH19‚‚‚N4V 0.860(4) 2.084(7) 2.939(7) 172.9(4)
N6sH20‚‚‚O11Vi 0.860(4) 2.320(7) 3.156(7) 164.4(5)

a Symmetry codes:i-1 + x, 2 - y, -1/2 + z. ii1 - x, 2 + y, 1/2 -
z. iii1 - x, 3 + y, 1/2 - z. iV-1 + x, 2 + y, z. V-1/2 - x, 7/2 - y, -z.
Vi1/2 - x, 3/2 + y, 1/2 - z.
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groups in the middle of the polyphosphate chain in MPoly. The
splitting results from then ) 0 rotational resonance between
adjacent phosphate units. The small resonance at-12.2 ppm
(marked “end”) originates from the chain ends of the polyphos-
phate chain or pyrophosphate impurities. The chain lengths for
these two samples are estimated therefrom to be at least∼105
and∼170, respectively, indicating a variation in average chain
lengths in different samples from the same batch. But in all
other cases, the average chain length was also established to be
larger than∼100.

The resonances in the range-2 to 2 ppm in the31P spectrum
stem from orthophosphates present in the sample. Figure 4a,b
shows this spectral range for two MPoly samples in closer detail.
At least two components at 0 and-1.2 ppm can be identified

whose relative intensities vary with respect to each other and
with respect to the MPoly resonance in the two samples. The
amount of orthophosphates present is estimated to 14% and 24%
for the two samples, respectively. It should be noted that the
component at-1.2 ppm is not present in CP-MAS spectra
(Figure 5), suggesting high mobility of this orthophosphate
component.

Figure 6a shows the experimental results of a31P saturation
recovery experiment for the polyphosphate resonance in MPoly.
The 31P signal intensity as a function of the recovery timeτ
shows strong nonexponential behavior, that is, is described by
a distribution of T1 relaxation time constants. Therefore, a
Kohlrausch-Williams-Watts stretched exponential function39,40

was chosen to fit the data

The parameterT̃1 is the time constant for the nonexponential
longitudinal relaxation,â is the stretch parameter (with 0e â
e 1), anda is an overall scaling constant. It is possible to obtain
the average value of the longitudinal relaxation time constant,
〈T1〉, without knowing the distribution function of the individual
T1 using40

Figure 2. Full range and high-angle X-ray powder diffraction patterns
of MPoly, showing the experimental pattern (dots), the final calculated
pattern after refinement (line), the difference (experimental- calcu-
lated) pattern (line at the bottom), and the positions of the reflections
(vertical lines).

Figure 3. (a) Single-pulse1H MAS solid-state NMR spectrum of MP.
(b, c) Corresponding spectra of MPy and MPoly, respectively.

Figure 4. Single-pulse31P MAS solid-state NMR spectra of two MPoly
samples from the same batch: (a) first sample; (b, c) second sample.
(a) and (b) show enlarged spectra of the orthophosphate (OP) region
(-2 to 2 ppm) in the MPoly spectrum, whereas (c) shows a complete
MPoly spectrum. Side bands are labeled with asterisks (*). For the
interpretation of “mid” and “end”, see text.

f (τ) ) a{1 - exp[-(τ/T̃1)
â]} (1)

〈T1〉 )
T̃1

â
Γ(1/â) (2)
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whereΓ(R) is the gamma function.41 We obtained a value of
〈T1〉 ) 837( 24 s. The stretch parameterâ is given by 0.75(
0.01, which is most likely caused by the spread in chain lengths
in the MPoly sample.

Figure 6b,c shows the experimental results of saturation
recovery experiments for the orthophosphate components in
MPoly and of MP, respectively. The experimental data in Figure
6b shows clear evidence of multiexponential behavior. Neither
a single stretched exponential function nor a sum of two
exponential functions could describe it satisfactorily. The model
with the minumum number of parameters that described the
data adequately consisted of a sum of an exponential and a
stretched exponential function, as indicated in the figure caption,
resulting in longitudinal relaxation times ofT1

(1) ) 0.30( 0.03
s and〈T1

(2)〉 ) 538( 91 s for the orthophosphate components
in MPoly. As a comparison, in Figure 6c the results for MP are
shown, which could be described satisfactorily using a single-
exponential function, resulting in aT1 value of 1362( 60 s.
This is considerably larger than for the orthosphosphate
components in MPoly. In addition, the two-dimensional1H-
31P heteronuclear correlation spectrum of MPoly (Figure 7b)
shows cross-peaks of the31P orthophosphate resonance at 0 ppm
with two relatively sharp proton resonances at 6.4 and 14.2 ppm,
where the latter indicates hydrogen-bonded protons. As a
comparison, Figure 7c shows the corresponding slice of a two-
dimensional1H-31P heteronuclear correlation spectrum of MP.
The conclusion is that the orthophosphate components in the
MPoly samples do not consist of MP. We attribute the
orthophosphate resonance at 0 ppm to a crystalline phase of
orthophosphate(s) that is subjected to hydrogen bonding,
whereas the resonance at-1.2 ppm is attributed to a noncrystal-

line phase of orthophosphate(s) with a higher mobility. Both
orthophosphate phase components could stem from phosphoric
acid (crystalline and noncrystalline),42 for example, in inclusions
or at the surface of the particles. The analysis of the XRPD
patterns did not allow an attribution of the non-MPoly peaks to
any known orthophosphate phase, suggesting the presence of
some unknown melamine orthophosphate salt(s).

Reheating the first sample to about 250°C and 280°C for
about 4 h did not produce more orthophosphates, but nearly all
of the orthophosphate impurities condensed. In the31P single-
pulse NMR spectrum, they showed up as a broad resonance
pattern around-12 ppm, but different from the chain-end
resonance patterns of MPy and MPoly. A degradation of MPoly
into orthophosphates was not observed.

Crystal Structure of MPoly and Its Comparison with
Related Structures. The MPoly crystal structure consists of
layers of “infinite” melamine cation chains alternating with
layers of polyphosphate anion chains (Figure 8). Within the
melamine chains, adjacent moieties are linked by means of side-
by-side pairs of NsH‚‚‚N hydrogen bonds (N‚‚‚N ≈ 2.89 Å)

Figure 5. 31P CP-MAS spectra of MPoly at a spinning frequency of
(a) 4 kHz and (b) 12 kHz. In (a), the center band and side bands of the
phosphorus sites in MPoly are labeled (MPoly) and (*), respectively.
In addition, the sample contains a fraction of an orthophosphate
compound, for which the center band and side bands are labeled (OP)
and (#), respectively.

Figure 6. 31P single-pulse signal intensities as a function of the
recovery time τ in a saturation recovery experiment for (a) the
polyphosphate sites in MPoly and the orthophosphate sites in (b) MPoly
and (c) MP. Symbols: integrated experimental spectral intensities. Solid
lines: best fit results to different build-up functions. (a) Kohlrausch-
Williams-Watts stretched exponential as defined in eq 1 with (T̃1, â)
) (704( 18 s, 0.75( 0.01). (b) Sum of an exponential and a stretched
exponential function:f(τ) ) a(1 - exp{-τ/T1

(1)}) + (1 - a)(1 -
exp{-(τ/T̃1

(2))â}) with a ) 0.35( 0.02,T1
(1) ) 0.30( 0.03 s,T̃1

(2) )
374 ( 46 s, andâ ) 0.62 ( 0.06.
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forming infinite ribbons with all molecules being parallel and
lying approximately in one plane (σ ) ∼0.1 Å), a type of
packing commonly found for melamine complexes and salts.16

The ribbons within one layer are parallel, while the angle
between the planes of melamine molecules in two neighboring
layers is 81.4°. The stacking distance between melamine ribbons
(3.31 Å) is shorter than the usual distance betweenπ-aromatic
ring systems (∼3.4 Å)43 and indicatesπ-π interactions between
the melamines.

Melamine’s internal C-N-C angle at the protonated endo-
cyclic nitrogen (N5) is significantly larger (∼118°) than the other
two C-N-C angles (mean∼115°). This difference is charac-
teristic for all known melamine salts with single-protonated
melamine moieties15,16,44and has been corroborated by density-
functional geometry optimization of a single protonated melamine
molecule.44 The angular differences are due to the steric effect
of the lone-pair electron, as predicted by the valence-shell
electron-pair repulsion theory (VSEPR).45

The melamine ribbons are linked by polyphosphates running
parallel to theb axis. Rather typical for melamine phos-
phates,15,16,44one of the two terminal oxygens of each PO3 group
participates in an O‚‚‚HsN+ ionic hydrogen bond with an
endocyclic nitrogen of the neighboring melamine moiety, while
the oxygen in the PsOsP bridge forms a second hydrogen bond
with an NH2 group of the same melamine (Figure 9). Three
other melamine moieties bind via NH2 groups to the remaining
terminal oxygens of PO3 groups, and in this way, each oxygen
participates in at least one hydrogen bond, although as the
chemical shifts of these protons are below 10 ppm, these
NsH2‚‚‚O hydrogen bonds must be very weak.

Polyphosphate chains can adapt their configuration quite
easily because of a high flexibility of the constituent fragments
and can readily meet any geometric and coordination require-
ments set by cations. (see refs 25-31 and 46 and references
therein). Nevertheless, bond lengths and angles are usually
similar in polyphosphate configurations. In MPoly, the usual
two types of P-O bonds can be observed: The largest distances

(1.60-1.63 Å) are related to the P-O-P linkage within the
chain, and the shortest distances (1.46-1.50 Å) characterize
P-O bonds involving terminal oxygens. Angular ranges for
O-P-O (102.7-120.6°) and P-O-P (134.2°) angles are also
in a good agreement with those usually found in polyphosphate
anions.25-31,46

Figure 5 shows the31P CP MAS spectra of MPoly at two
different sample spinning frequencies, (a) 4 kHz and (b) 12 kHz.
A Herzfeld-Berger analysis47 of the sideband pattern in Figure
6a for the phosphorus PO3 sites in MPoly results in a chemical
shift anisotropy (CSA) of (δ11, δ22, δ33) ) (78, 17,-172)( 1
ppm, which is in good agreement with literature data for PO3

sites in polyphosphate salts.48 Although all phosphorus nuclei
inside the polyphosphate chain have identical chemical shift
tensors, the relative orientation of the CSA tensors of two
adjacent phosphorus sites with respect to the interconnecting
dipolar coupling vector is different. If the two chemical shift
tensors are related by a symmetry operation other than inversion
symmetry, the averaging of the dipolar interaction under MAS
is effectively prevented, referred to asn ) 0 rotational
resonance.49,50 This effect has been used to study CSA tensors
and dipolar andJ couplings in isolated31P-31P spin pairs.51,52

As a result of then ) 0 rotational resonance between two
adjacent phosphorus sites inside the polyphosphate chain, a
splitting can be observed in the MPoly spectrum in Figure 6b,
obtained at 12 kHz spinning, which is due to the homonuclear
dipolar coupling. Numerical simulation of the31P spectrum of
the two middle phosphates in a tetraphosphate fragment of the
polyphosphate chain in MPoly led to results (not shown) that
are compatible with the presented geometry of the polyphosphate
chain.

There are many known polyphosphate structures (see refs 25-
31 and 46 and references therein). Ammonium polyphosphate46

is also used in flame-retardant applications,3 and its polyphos-
phate chains are rather similar to those in MPoly (RMS≈
0.2 Å). This suggests that, to some extent, exchange or mixing
of (similar) cations might be possible, without affecting the
polyphosphate chain packing. In this respect, it is interesting to
note that recently crystals of an ammonium-melamine copoly-
phosphate were synthesized and claimed to have superior
thermal stability during the processing of polymers compared
to the pure components.53

Structural Changes along the Condensation Route MP
f MPy f MPoly. In many aspects, the crystal structure of
MPoly resembles those of MP and MPy. All three compounds
have a layered structure in which layers of melamine ribbons
and phosphate chains alternate (see Figure 8). The type of
melamine ribbons16 and the character of the melamine-to-
phosphate bonding also remains the same along the condensation
route. Still, some significant differences exist between MPoly
and its precursors MP and MPy. In the latter two, (pyro)-
phosphate chains are paired, while MPoly has only a single
polyphosphate chain (Figure 10). Apparently, the condensation
MPy f MPoly is not a simple intrachain process, as in MPf
MPy,16 but a significant rearrangement of phosphate groups and
melamine packing is required: the melamines reorient to retain
their bonding to the phosphates as discussed earlier in more
detail. As a result, in MPoly not all the melamines are parallel
to each other, as in MP and MPy, but they are arranged in two
sets of parallel planes with a large interangle (Figure 8a).

An analysis of the crystal structures of MPoly and MPy points
out why the polymerization is not a simple intrachain process.
The closest distance between two phosphorus atoms in two
neighboring pyrophosphates in the same phosphate chain is

Figure 7. (a) Single-pulse1H MAS solid-state NMR spectrum of
MPoly. (b) Two-dimensional1H-31P heteronuclear correlation spectrum
of MPoly and integrated slices of the MPoly (upper slice) and
orthophosphate31P (lower slice) resonances. (c) Integrated slice of the
two-dimensional1H-31P heteronuclear correlation spectrum of MP.
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∼4.3 Å (Figure 11). On the other hand, the phosphor-phosphor
distance required to form a P-O-P bridge is about 3.0 Å.25-31

Thus, a simple intrachain polymerization, as in MPf MPy,
would require an additional decrease of the distance between
the melamine layers, assuming that the melamine-phosphate
bonding character remains the same. This is unlikely to happen,
because the short distance between the melamine layers in MPy
(∼3.25 Å) already implies quite strongπ-π interactions, and
a further (large) decrease will lead to repulsion between the
layers. As it turns out, the melamine-stacking distance in MPoly
(∼3.31 Å) is larger than in MPy (∼3.25 Å). It is noted that the

change of the melamine-stacking distance,∼3.42, 3.25, and
3.31 Å in MP, MPy, and MPoly, respectively, shows the same
trend as the change in density of the compounds (1.71, 1.81,
and 1.78 g cm-3), although this may be a coincidence.

Method of MPoly Preparation and Its Structural Char-
acteristics. Recently, it has been claimed that the method of
melamine-polyphosphate production can influence the thermal
stability of the product.4,5 Given the large variation found in
both the degree of polymerization and the orthophosphate
impurity level within the same batch, the precise processing
conditions may well be influential.

Figure 8. Schematic representation of the crystal packing of MPoly (A) and its projection on the plane perpendicular to phosphate chain
direction (B).

Figure 9. Hydrogen bonds between melamines and PO3 group of the polyphosphate moiety in MPoly. For the hydrogen bond distances, see
Table 3.
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From this point of view, and in order to rationalize the
synthesis of the melamine polyphosphate MPoly considered
here, it is important to know if, starting from MP, it would be
possible to obtain other types of polymetaphosphates by different
preparation techniques. Crystal-structure analysis suggests that
this is not likely: Sets of two (pyro)phosphate chains in MP
(and MPy) hardly interact, and polymerization can proceed only
within a set (inter- or intrachain), resulting in linear poly-
methaphosphates with a predefined direction.

Summary

Upon condensation of MP to MPoly (via MPy), the phos-
phates form layers of polyphosphate anion chains. The melamine
cations form hydrogen-bonded ribbons with all molecules being
parallel within one layer. Theπ-π interactions between the

melamines in MPoly are stronger than in MP and MPy, as
indicated by the shortened melamine-ribbon packing distance.
The melamine ribbons are linked to the polyphosphates through
O-HN hydrogen bonds. The condensation MPyf MPoly is
not a simple intrachain process, as in MPf MPy, but a
significant rearrangement of phosphate groups and melamine
packing is required. The average chain length was established
to be larger than∼100, but large variations do occur within
the same batch. Furthermore, a substantial fraction of the
samples turned out to consist of orthophosphate impurities that
differ from MP. Hence, the MPoly batch and its samples are
inhomogeneous at the structural level (chain length) as well as
at the compositional level (impurities). Nevertheless, a crystal
structure determination of MPoly from XRPD data could still
be carried out.
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