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Introduction 

 

Most polymers that are widely used in industry and consumer products tend to burn 

completely after catching fire. Obviously, for safety reasons and applications in coatings, 

electrics and electronics, their flammability must be reduced. An efficient and cheap way to 

achieve this is by using additives, so-called flame retardants. Currently, the market of flame 

retardants is dominated by halogen-containing compounds. The latter release toxic and 

corrosive gases during combustion and for that reason they are increasingly banned by more 

stringent legislation.1-2 During the last years a large interest has arisen in melamine-

phosphate-based flame retardants (MPBFR’s).3-5 MPBFR’s are halogen-free intumescent 

materials that are active in the condensed phase. During the combustion process, they 

participate in the formation of a porous foamed char layer at the surface of the polymer that 

acts as a barrier to heat, air and pyrolysis products.  

           Although non-hazardous and environmental-friendly MPBFR’s are expected to force 

out toxic halogen-containing compounds gradually from the flame-retardant market, to 

broaden the formers applicability their performance should be improved upon, especially their 

limited thermal stability. 

At the start of this PhD thesis the optimization of MPBFR’s was significantly 

hampered by a lack of fundamental knowledge. The precise structural characteristics of 

MPBFR’s, their reaction products during thermal treatment, and the role of melamine in the 

char-layer formation were largely unknown so rational decisions to improve their activity and 

thermal stability were difficult to make. Therefore, knowledge of the molecular and 

crystalline structure of MPBFR’s and the changes that occur in them during the heating 

process was considered to be important to expand and improve the applicability of this class 

of flame-retardant materials.  

Subject of this study is the structure determination and crystallographic analysis of a 

set of MPBFR’s in order to provide the basis to answer fundamental questions concerning the 

flame-retarding mechanism and the role of melamine therein. Since most melamine 

phosphates are available only in polycrystalline form, 3,6 powder diffraction and structure 

determination using powder-diffraction data are the techniques to be used. In chapter 1 the 

principal experimental and theoretical aspects of these techniques are introduced.  

It is well known that structure determination from powder-diffraction data is much 

more difficult than from single-crystal data. In recent years, however, considerable progress 
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has been made with determination of structures of molecular crystals directly from powder-

diffraction data, which is largely due to the rapid evolution of so-called direct-space 

techniques.7 To determine the crystal structures of melamine phosphate compounds a new 

direct-space approach has been developed, outlined in chapter 2. This approach, along with 

other well-known direct-space algorithms for structure solution, has been implemented in the 

Organa program package, presented in chapter 3.  

Hitherto, melamine-phosphate compounds with a melamine-to-phosphate (M:P) molar 

ratio of 1:1 (the so-called 1.0 route) have been used as flame retardants.5  In this route three 

chemically distinct melamine phosphates occur, melamine orthophosphate (MP), melamine 

pyrophosphate (MPy) and melamine polyphosphate (MPoly). Chapters 4, 5, and 6 are 

dedicated to the structure determination and the crystallographic analysis of these three 

compounds and the elucidation of the mechanism of the endothermic dehydration processes 

that take place in the reaction path MP → MPy → MPoly.  

Recently, improved formulations of MPBFR’s have been developed with a superior 

thermal stability, for instance condensed melamine phosphates with a M:P ratio > 1.0.8  

Chapter 7 presents the crystal structure of the starting compound for their synthesis, the 

tetrakis(melaminium) bis(dihydrogenphosphate) monohydrogenphosphate trihydrate 

(M4P3·3H2O). From a crystallographic point of view the structure determination of this 

compound is rather interesting in view of the large amount of degrees of freedom (45) that 

pushes the abilities of the modern structure-solution algorithms to the edge. 
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Chapter 1 

Principles and Methods of Structure Determination from Powder-

Diffraction Data 

 

1. Nature of X-rays 

In 1895 Wilhelm Röntgen performed experiments with cathode rays. Electron currents 

were emitted when a high voltage was applied to two separated pieces of metal held in an 

evacuated tube. In this set-up occasionally radiation was registered, as shown by the 

lightening-up of a phosphorescent screen lying near the tube. He named it "X-rays" ("X" 

means "unknown") since the specific source of the radiation was unknown. Nowadays, while 

the original name remained the same, it is well known that X-rays are part of the 

electromagnetic radiation that lies between the ultraviolet spectrum and gamma rays, with 

wavelengths ranging between about 0.1 Å and 100 Å.  X-rays are produced whenever high-

velocity electrons strike a material object. The electron deceleration that occurs when 

electrons pass the strong electric field near the nucleus of the targets atoms results in a 

continuous X-ray spectrum. Also characteristic discrete X-ray lines occur, caused by specific 

electron transitions from outer to inner shells, filling up inner-shell electron gaps that have 

been created by high-energy electron impacts.  In crystallography mostly X-rays in the 

interval 0.1 - 2.5 Å are used because these X-rays have wavelengths in the order of the size of 

atoms. By using X-ray diffraction methods, crystalline substances can be identified and their 

structure determined. Virtually all present-day knowledge in this field was either discovered 

or verified by X-ray diffraction analysis. 

 

2. X-ray sources 

2.1. Laboratory X-rays 

In laboratory practice X-rays are generated in an X-ray tube. It consists of an 

evacuated chamber with a source of electrons (cathode) at one end of the tube and a metal 

target (anode) at the other end.  Situated at the cathode, a wolfram thread is heated by an 

auxiliary current and emits electrons. These electrons are accelerated by a large voltage 

difference applied between the cathode and the anode and hit the anode target at high 

speed. Upon striking the target, the electrons cause emission of X-rays according to the 

mechanisms explained above. Usually, monochromatic characteristic X-ray radiation, 

dependent on the material of the target, is used while all other wavelengths are filtered out.  
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2.2. Synchrotron Radiation 

A synchrotron source can provide a much narrower X-ray beam with a much larger 

intensity than an ordinary X-ray tube, and this is preferable for many applications including 

structure determination using powder-diffraction data. Synchrotron radiation is produced by 

electrons that circulate almost at the speed of light inside a circular stainless-steel ring, kept 

under ultrahigh vacuum. A system of magnets bends their path and keeps them in a near-

circular trajectory. When bended by a magnet, electrons emit electromagnetic waves in a 

narrow cone in the forward direction at a tangent to the orbit due to the Doppler effect of their 

relativistic motion. Synchrotron radiation emitted by electrons is conveyed along straight 

tubes ("beamlines") tangential to the ring where it can be directed to an object of 

investigation. Although synchrotron radiation in principle consists of a complete spectral 

range from microwaves to hard X-rays, any desired wavelength can be selected with special 

filtering devices called monochromators. 

 

3. X-ray diffraction by crystals 

3.1. Discovery of X-ray diffraction 

Modern crystallography started with the famous experiments suggested by Laue and 

executed by Friedrich and Knipping in 1912.1 At that time there was no confidence yet about 

the nature of X-rays. Physicists, reasoning from the idea that these rays were analogues to the 

visible light, tried to reproduce classical-optics diffraction experiments with them but failed 

and concluded that if X-rays were electromagnetic waves their wavelengths must be much 

shorter than wavelengths of the visible light. Then, Laue came up with the idea to use a 

crystal as a diffraction lattice for X-rays since its periods were expected to be much shorter 

than the periods of the optical-diffraction lattices.1  

Indeed, mineralogists well before the discovery of X-rays had deduced that crystals should 

consist of an orderly arrangement of atoms.2 When being hit by X-rays, each atom of the 

crystal becomes a center of scattering. Taking into account interference of the scattered 

waves, if an X-ray wavelength less than the distance between atoms is used, diffraction can be 

observed.  

The experiment of Friedrich and Knipping was successful; not only it provided 

evidence for the nature of the X-rays but it also gave crystallographers a powerful tool to 

"look inside" the crystals and to allow for a detailed determination of the unit cell parameters 

and the atomic arrangement in the unit cell. 
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3.2. Bragg's law 

The first simple mathematical conception of X-ray diffraction by crystal lattices, 

known as Bragg's law, was derived by the English physicists Sir W.H. Bragg and his son Sir 

W.L. Bragg in 1913 to explain why the cleavage faces of crystals appear to reflect X-ray 

beams at certain angles of incidence (θ). 3  

Bragg's law gives the positions of diffraction maxima for X-rays scattered by a crystal, 

considering an incident-beam being reflected by a set of parallel equispaced lattice planes, 

(hkl).  The integers (hkl), referred to as the so-called Miller indices, are specific for each set 

of lattice planes and denote the reciprocal intersections of the lattice planes with the three unit 

cell axes a, b and c respectively. Each diffraction maximum is associated with an incident 

beam reflection from one set of lattice planes and is uniquely characterized by the three Miller 

indices.  

A schematic representation of Bragg's law is shown in Figure 1. It states that for a 

given set of the lattice planes (hkl) with spacing dhkl between the planes and for a given 

wavelength λ of the X-ray radiation, the diffraction maxima of order n  occur at those θ  

values (so-called Bragg angles), which satisfy the equation )sin(2 θλ dn =  (referred to as 

Bragg's condition). 

 

Figure 1. Schematic representation of the Bragg reflection condition )sin(2 θλ dn = .  
 

3.3. Structure determination using X-ray data 

X-rays are scattered by the periodic electron clouds in the crystal and thus the intensity 

of the diffracted wave must depend on the periodic electron density. Indeed, after correction 

for experimental factors (Lorentz factor, polarization, absorption) and subtraction of the 

background, the intensity of the X-ray beam reflected from the specific set of lattice planes 
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 (hkl) is proportional to the square of the amplitude of the structure factor hklF . Structure 

factors are coefficients in a Fourier series representing the periodic electron density ),,( zyxρ  

in the crystal, 

 ∑ ∑ ∑
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where V is the unit cell volume and the integral is carried out over the unit-cell volume 

elements dv. 

Since electrons are located mainly around the atomic nuclei, to a good approximation 

the electron density in the unit cell may be considered as a sum of spherical-symmetric atomic 

electron-density functions. In that case the relation between the atomic positions },,{ jjj zyx  

in the unit cell and the structure factors hklF  becomes, 

∑
=
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N
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where N is the number of atoms in the unit cell and jf  is the scattering power of the jth atom. 

In these terms the structure-determination task comes down to recover N atomic 

coordinates },,{ jjj zyx , j =1...N from the set of known squared moduli of structure factors 

(i.e. from the set of measured experimental intensities). 

 

3.4. Single crystal diffraction versus powder diffraction 

When a single crystal is hit by monochromatic X-ray radiation and the incident angle 

is chosen appropriately, only a selected set of lattice planes will be oriented with respect to the 

incident beam such that Bragg's condition is fulfilled. Thus, by reorientation of the single 

crystal in three dimensions, eventually a three-dimensional diffraction pattern can be collected 

from which in general the three-dimensional atomic structure can be recovered easily. 

When the sample is not a single crystal but a powder, i.e. consisting of many 

(randomly oriented) crystallites, always some of the crystallites will fulfil Bragg's condition. 

To put it more precisely, all lattice planes (hkl) that have the same incident angle θ with 

respect to the incoming beam and fulfil Bragg's law will diffract simultaneously. As a result, 

the three-dimensional diffraction pattern becomes a one-dimensional function of 2θ versus 

intensity. In the powder-diffraction pattern a considerable overlap occurs that reduces the 
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amount of information that can be extracted since individual intensities of completely 

overlapping reflection maxima are lost. This is the basic disadvantage of using powder 

diffraction as a tool for structure determination compared to using single-crystal data.  

 

4. Structure determination using X-ray powder-diffraction data 

In spite of the fact that it is much more difficult to elucidate a crystal structure from 

powder-diffraction data, when a single crystal cannot be obtained powder diffraction usually 

is the only tool that can solve the problem. In structure determination from powder-diffraction 

data several steps can be discerned that will be discussed now in some detail.  

 

4.1. Sample preparation and data collection 

The success of a structure determination depends to a large extent on the quality of the 

experimental data available. The latter depends on the sample (preparation) and experimental 

set-up. Instrumental factors affecting accuracy of the data include zero-point, axial-

divergence, and specimen-displacement errors, step size, and even uncertainty in the X-ray 

wavelength value. Sample factors affecting accuracy include specimen transparency, 

structural strain, crystallite size, and preferred-orientation effects. Some of these practical 

aspects of sample preparation and data collection that influence the quality of the powder-

diffraction data will be discussed now. 

 

4.1.1. Controlling preferred-orientation effects 

The X-ray powder-diffraction method relies on the principle that all possible 

crystallographic orientations are irradiated with an equal likelihood. Thus, prior to the 

measurement, the sample should be prepared properly to ensure a uniform distribution of the 

crystallite orientation. A non-uniform distribution is known as preferred orientation or 

texture. Preferred orientation causes systematic intensity deviations in X-ray powder-

diffraction data, thus leading to an incorrect interpretation of the powder-diffraction pattern 

and lowering the chance to solve the structure. Spinning of the sample during data collection 

gives a cylindrical-symmetric orientation distribution function that can be modelled by a 

limited amount of parameters.4 

 

4.1.2. Avoiding peak broadening 

Individual grains in a powder sample are typically polycrystalline clusters consisting 

of many micrometer-sized single-crystal like domains (crystallites). The size of the domains 
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determines the peak shape in the powder-diffraction pattern. Crystallites with a larger size 

give sharper peaks and vice versa. In order to avoid peak-broadening effects, which lead to an 

increase of overlap of reflections and enhance the problems to extract individual intensities 

from the powder-diffraction pattern, the size of crystallites in the powder sample must be in 

the order of microns. Too large clusters, however, may result in non-uniform particle 

statistics. The cluster size can be reduced somewhat in the grinding process although this 

mechanical treatment of the sample also may cause undesirable side effects, e.g. phase 

transitions. Therefore, in spite of the fact that an increase of the amount of grains in the 

sample is desirable to improve particle statistics, some reasonable compromise between the 

amount of grains and grain size has to be found.  

 

4.1.3. Dealing with impurities 

For the purpose of structure determination it is rather important to prepare a sample 

containing only one phase of interest, i.e. the sample should be free from impurities. The latter 

gives extra peaks in the powder-diffraction pattern, which affect the indexing (see 4.2) and 

correctness of intensity extraction. If the synthesis of a pure sample is not possible, impurities 

should be studied as thoroughly as possible by all accessible physicochemical methods and 

based on an analysis of the synthesis route. One should also be aware of the possibility that 

grinding of the sample or exposure of the sample to an extremely high X-ray flux (for 

instance at a synchrotron) may induce a phase transition, which can increase the impurity 

level.  

 

4.1.4. Improving the signal-to-noise ratio 

In order to obtain a powder-diffraction pattern with reliable intensities, a high signal-

to-noise ratio, and thus a sufficient X-ray flux is required. At a synchrotron, with a high 

incident flux, diffraction patterns suitable for structure determination can be measured in a 

couple of hours while at a laboratory diffractometer, depending on the used diffraction 

geometry, data collection may take a few days or even weeks to get the same signal-to-noise 

level.  

The diffraction geometry plays an important role. For instance, in this thesis all 

laboratory experiments were performed using a Guinier camera. The focusing diffraction 

geometry of the Guinier camera allows simultaneous recording of all reflections and that 

makes this set-up very efficient. For example, the same resolution and signal-to-noise ratio in 
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the usual Bragg-Brentano setup (without counting accelerators) requires an approximately 

10000 times longer data collection for the case of 10000 data points to be measured. 

In general, for the correct interpretation of the high-angle part of the powder-

diffraction pattern with its larger peak overlap, a better signal-to-noise ratio is necessary than 

for the low-angle area. In order to optimize the experimental strategy with respect to data-

collection time, for the synchrotron powder-diffraction experiments discussed later in this 

thesis special devised data-collection protocols were used in which the outer reciprocal-lattice 

shells are exposed longer to the radiation, i.e. proportional to the amount of reflections in each 

shell.   

For very-weakly scattering materials, more time is usually necessary. In general, the 

data-collection time can be decreased, by having a larger amount of sample exposed to X-rays 

during the experiment. 

 

4.2. Determination of the unit-cell parameters and the space group 

The search for the unit-cell parameters (so-called indexing) and space group is the first 

step in a structure-elucidation procedure. At the basis of all unit-cell determination strategies 

is the following relationship between unit-cell parameters ( a , b , c , α , β , γ ), Miller indices 

(hkl) and d-spacings hkld : 

2/1
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As observations, a set of interplanar distances id  (i=1,...,P) can be calculated using 

Bragg's law from the positions of the experimental diffraction maxima. Hence, in the study of 

an unknown structure, it is necessary to determine the unit-cell parameters and hkl indices so 
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that (4) is valid for the total }{ id  set. After the unit cell has been assigned correctly, the space 

group has to be determined taking into consideration the systematic absences.  

The indexing based on powder-diffraction data is a rather complicated task because 

accurate positions of diffraction maxima are often difficult to determine due to factors such as 

zero-point error while overlap of reflections and the presence of another (minor crystalline) 

phase may obstruct the indexing algorithms.  

Several crystallographic packages are available for indexing and space group 

assignment. The most popular are ITO,5 TREOR6 and DICVOL.7   

 

4.3. Full-pattern decomposition 

Some crystal-solution techniques (see the next paragraph) require a set of individual 

integrated intensities to be extracted from the diffraction pattern using a so-called full-pattern 

decomposition technique. 

The calculated intensity of the diffraction spectrum calcy  at a certain angle θ  is given 

by the following formula: 

)(||)22()()( 2 θθθθ BYmFgLPAy hklhklhklhkl
hkl

hklcalc +−= ∑     (5) 

where the summation is carried out over all hkl reflections, L is Lorentz factor, P is the 

polarization factor, A is the absorption factor for a specimen, g is the peak shape function, 

hklθ2  is the angle corresponding to the peak position of the hkl reflection, hklF  is the structure 

factor, hklm  is the multiplicity for the hkl reflection, hklY  is the texture correction multiplier 

for the hkl reflection, and B is the background function. 

The basic idea of a full-pattern decomposition is to extract individual 2|| hklF  for all 

hkl in the observed θ2  interval from the experimental diffraction pattern, based on fitting all 

the parameters in (5) in order to describe in the best way the experimental intensities 

)(exp iy θ with i = 1,...,M. For this reason (5) is used in the minimization of the functional 

 
2

...1
exp )]()([∑

=

−
Mi

icalcii Syyw θθ ,        (6) 

where M is the number of measured points, )( icalcy θ is the intensity at the point i calculated as 

discussed above, S is the scale factor, and iw  are weighting coefficients.  

Two different strategies to minimize (6), developed by Pawley8 and Le Bail,9 are in 

common use. In Pawley's approach integrated intensities are treated as individual variables in 

the least-squares fitting so that some of them may become negative during refinement, 
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θ

θθ

although this has no physical meaning. The Le Bail procedure is an iterative method that 

redistributes integrated intensities starting from equipartioned 2|| hklF .  Packages like 

ALLHKL,8 MRIA,10 GSAS11 or LSQPROF12 are used for the full-pattern decomposition. 

 

4.4. Structure Solution 

The goal of the structure solution is to find preliminary positions of atoms in the unit 

cell, usually using only the lower-angle part of the collected data, which will be determined 

more accurately during the Rietveld refinement (see 4.5). 

The development of structure-solution techniques using powder-diffraction data 

started from adaptation of single-crystal structure-solution approaches like the Patterson 

method,13,14 direct methods15-17 and the maximum entropy and likehood-ranking method.18 All 

these techniques require that a sufficient amount of intensities of individual reflections can be 

extracted correctly from the powder-diffraction pattern, which is often problematic because of 

extensive overlap of reflections, in particular at higher 2θ values. The recently developed so-

called “direct-space” methods are less dependent on the extraction of intensities. Moreover, 

they are better suited to exploit prior structural knowledge. 

 In the direct-space methods many trial crystal structures are generated in direct space. 

For each trial structure a powder pattern is calculated and compared with the observed 

diffraction pattern. The process of trial-structure generation continues until an acceptable 

match to the experimental pattern has been found. 

The calculated and experimental diffraction patterns are compared using a so-called R-

factor function. In common use is the weighted profile R-factor Rwp,  

 

                                                     (7) 

 

with the same parameter definition as in (6).  

From a mathematical point of view, the idea of the direct-space methods is to find a 

global minimum of the R-factor. In principle, any technique for global optimization may be 

used and many well-known algorithms were adopted for structure determination from 

powder-diffraction data such as pure Monte Carlo (MC), Monte Carlo with simulated 

annealing (MC-SA) or parallel tempering (MC-PT), genetic algorithm (GA) and grid search 

(GS) (see [19], [20] and references therein). Several computer programs employing the direct-

space methods for structure determination from powder-diffraction data have appeared in the 
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last years, e.g. POWDER SOLVE (MC-SA), 21 FOX (MC-SA/MC-PT),22 MRIA (GS),10 

ENDEAVOUR (MS-SA),23 DASH (MC-SA),24 ESPOIR (MC-SA)25 and EAGER (GA).26   

The main disadvantage of direct-space methods is the computation time that increases 

rapidly with the complexity of the investigated structure. In general, for a structure-solution 

problem with many degrees of freedom, the grid-search algorithm, which employs a 

systematic analysis of all possible positions and orientations of the molecular fragments in the 

unit cell, demands much more computation time than the other techniques referred to. The 

latter are based on randomly generated trial structures but are also non-exhaustive. Thus, grid 

search is rarely used when the structure has more than one molecule in the asymmetric part of 

the unit cell. Among the random-search global optimization techniques the simulated 

annealing nowadays seems to be the most popular tool for structure solution. However, this 

popularity is not due to the weakness of other algorithms, but rather because members of the 

physical and chemical communities are more familiar with the physico-chemical 

interpretation of simulated annealing. 

The success of a random-search global optimization technique depends very much on 

the precise underlying algorithm. In general, if more (correct) prior information about the 

structure is used, the global minimum will be localized faster. One way to make global 

optimization algorithms more efficient has been shown to be the exploitation of the potential 

energy of the structure under consideration. A weighted potential-energy term can be added to 

the R-factor and the combination (so-called “mixed-cost-function”) can be used in a global 

optimization process instead of the R-factor alone. 23,26,27 All the techniques existing at the 

time of writing this thesis adopted the strategy of a mixed-cost-function approach. In the 

framework of this thesis we developed another approach, implemented in the program 

package named ORGANA (Chapters 2 and 3), in which the potential energy is considered as 

a separate second criterion function in the global minimization. Effectively, this approach 

uses more information about each generated trial structure than mixed-cost-function 

algorithms, due to the simultaneous analysis of two independent criteria such as energy and 

R-factor. 

 

4.5. Rietveld Refinement 

The Rietveld refinement28,29 is the last stage of the structure determination in which all 

parameters influencing the calculated powder-diffraction pattern (including atomic positions) 

are optimized using the full data set in order to get the best possible match with the 

experimental diffraction pattern and simultaneously to get the final structure.  
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The mathematical concept of the Rietveld refinement is the same as for the above-

described pattern decomposition. The functional (6) is (locally) minimized in which the 

calculated scattering intensity is described by (5). In the Rietveld refinement, however, 

structure factors hklF  are no longer independent variables and they are calculated from known 

atomic positions using equation (3).  

Rietveld refinement of molecular materials usually relies upon a large number of 

stereochemical restraints that are necessary in order to retain a physically and chemically 

reasonable model. A restraint for a given intramolecular parameter such as the length of a 

particular bond, an interatomic angle, a dihedral angle or ring planarity is usually defined in 

terms of an "ideal" parameter value oiR  together with an associated weight iw , the inverse of 

the variance associated with the restraint.30  

The term representing restraints is added to the standard Rietveld-refinement 

minimization function and typically has the following structure: 

2
)(∑ −=

i
cioiiR RRwS         (8) 

where the sum is taken over all defined restraints and ciR  is the restraint value calculated from 

the atomic positions or other structural variables.  

Typically during the Rietveld refinement initial strong restraints are gradually relaxed 

to allow the structure more freedom to move away from "ideal" values. Sometimes at the final 

refinement stages it is possible to remove the restraints completely. However, more often it is 

desirable to use soft restraints in order to keep a reasonable molecular geometry. 

For Rietveld refinement program packages such as GSAS,11 FULLPROF31 or MRIA10 

are available. 
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Chapter 2 

A Monte Carlo Approach for Crystal Structure Determination 

from Powder-Diffraction Data 

 

Published in: J. Appl. Cryst. 2003, 36, 239-243. 

 

Abstract. A new direct-space method for ab initio solution of crystal structures from powder 

diffraction data is presented. The approach consists of a combined global minimization of 

Rwp and the potential energy of the system. This method was tested on two organic 

compounds with known structure and also applied successfully in the structure determination 

of the previously unknown structure of melamine pyrophosphate. 

 

1. Introduction 

If a single crystal of appropriate quality cannot be obtained, a crystal-structure 

determination from powder-diffraction data may be the only viable approach towards a 

structural understanding.   

Solving crystal structures directly from powder-diffraction data is a much more 

difficult task than from single crystal data. The traditional single-crystal approaches adopted 

for structure determination from powder-diffraction data, like the Patterson method, 1 direct 

methods 2-4 and the maximum-entropy and likehood-ranking method, 5 require intensities 

I(hkl) of individual reflections to be extracted from the powder-diffraction pattern. This 

intensity extraction is often problematic because of extensive overlap of reflections in 

particular at higher 2θ values of the powder-diffraction pattern.   

The recently developed so-called “direct-space” approaches to structure determination 

from powder-diffraction data (see e.g. [6] and references therein) overcome this problem. In 

these approaches trial structures are generated in direct space, independent of the 

experimental powder-diffraction pattern and with the suitability of each trial structure being 

assessed by a direct comparison of its calculated powder-diffraction pattern and the 

experimental diffraction pattern. This comparison is quantified using an appropriate R-factor 

that considers the whole digitalized intensity profile rather than the integrated intensities of 

individual reflections. 7 Thus, the R-factor implicitly takes care of peak overlap and uses the 

digitalized powder-diffraction data as “measured”. The majority of direct-space approaches 

reported to date have used the weighted profile R-factor Rwp,  
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where yi(obs) is the intensity of the ith data point in the experimental powder-diffraction 

profile, yi(calc) is the corresponding calculated intensity, and wi is a weighting factor.   

The aim of a structure solution is to find the trial structure with the lowest R-factor or, 

in other words, to find a global minimum of the R-factor with regard to the set of variables 

that defines the structure. Various techniques of global minimization have been devised to 

solve the crystallographic problem of structure determination: the regular grid-search 

algorithm, 8,9 random-search approaches like Monte-Carlo 10-11 and search algorithms that are 

based on physical models like Simulated Annealing 12-17 or biological models like the Genetic 

Algorithm. 18-20 The main disadvantage of any of these techniques is the long calculation time 

that increases rapidly with the complexity of the investigated structure. This applies in 

particular to the regular grid-search technique, which is rarely used when the structure has 

more than one molecule in the asymmetric part of the unit cell. 

One successful way to make random-search algorithms more efficient has been shown 

to be the implementation of a local minimization of the R-factor at each step of the global 

minimization in the Monte Carlo, 21 Simulated Annealing 14,16 and Genetic Algorithm 20 

techniques. A second recent improvement was shown to be the calculation of the potential 

energy of the structure under consideration 15,16,19 by means of which the generation of 

unrealistic structures, characterized by high energies because of intermolecular contacts that 

are too short, impossible bonding angles and so on, can be avoided or at least minimized 

during global minimization. The use of the potential energy as a criterion function is based on 

the general assumption that the real structure corresponds to a global minimum of potential 

energy in the given unit cell. Moreover, since the real structure is also expected to have a low 

R-factor, both functions can be considered as two terms, for example two weighted 

summands, of a so-called “mixed cost function” in a global minimization process. Obviously, 

the success of a particular minimization method depends strongly on the choice of such a 

mixed cost function and various schemes for its construction have been proposed. 15,16,19 

In our investigations of global minimization algorithms for structure determination we 

took a different approach by using a potential energy function as additional information to 

check the correctness of the generated structures. The algorithm we devised does not use a 

mixed cost function but the potential energy function and the weighted profile R-factor Rwp 

are considered as two independent cost functions that should be minimized. 
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2. Method 

2.1. General concept 

Our approach is based on the Monte Carlo algorithm for global optimization, which in 

essence is a random walk through the multidimensional space of variables ),...,1,( Nixi =  

characterizing the structure under consideration. 

Each structure can be defined in terms of a set of rigid “structural fragments” that 

represent the contents of the asymmetric unit. The coordinates of the centre of mass or a pre-

defined pivot atom specify the position of the fragment, and its orientation is defined by three 

rotation angles with respect to a set of orthogonal axes. Interfragment and intermolecular 

geometry can be specified by a set of torsion angles. 

In the algorithm starting from a certain current configuration Ci, associated with a set 

of considered variables, a next test configuration Ci+1 is generated by randomly changing the 

variable values according to a set of rules (“move class”). For this configuration the locally 

minimized weighted-profile R-factor Rwp is calculated as well as the potential-energy 

function E (see eq. (2) as discussed in 2.2) corresponding to this minimum. The test 

configuration Ci+1 is accepted as the current one if either Ei+1< Ei or Rwpi+1 < Rwpi, otherwise 

Ci is retained as current configuration.  

Overall in our Monte Carlo algorithm both Rwp and a potential-energy function are 

expected to decrease, but not necessarily simultaneously because trajectories in 

multidimensional variable space are allowed in which a decrease of one cost function can be 

accompanied by an increase of the other. In this way the system can pass barriers in 

multidimensional space and escape from local minima on the Rwp/potential-energy 

hypersurface. With respect to these trajectories no restrictions are imposed on the relative 

increase of the Rwp or the potential energy.  This can be useful, for instance, in the case of 

rotation of a large planar molecule. During rotation such a molecule is very likely to move 

close to others. If an increase of energy would be limited while reducing Rwp, the 

minimization would strongly depend on the intermolecular geometry and the probability of a 

successful minimization would decrease. Such problems are difficult to avoid in approaches 

with mixed cost functions because usually the cost function with the energy term is locally 

minimized at every Monte Carlo step. On the other hand, if no local minimization is carried 

out at all in an approach with a mixed cost function, the effectiveness of the global 

minimization is reduced considerably.  
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In our approach only a local minimization of the Rwp is carried out on the basis of the 

Polak-Ribiere variant of the conjugate gradient method. 22 In this way hyperdimensional 

trajectories are avoided that would lead to structural models that are clearly inconsistent with 

the experimental diffraction pattern, though having a small energy (the system is always in 

some local minimum of the Rwp). This set-up allows to obtain a correct structure solution in 

cases where the potential energy is defined only approximately or may be not completely 

correct. This may happen, for example, if the correct molecular structure of a compound is 

unknown or if an incorrect model is used.  

Based on the structure description given above, the move class in the Monte Carlo 

algorithm is defined as a random shift of variables as expressed by the following notation: 

iiii xx ξα+→ . The ξi are randomly chosen between 1 and –1 and give the direction of shift, 

while the iα  are numerical shift values.  

For a successful algorithm it is important to choose appropriate shifts iα . Often in 

Monte Carlo random-walk-based methods iα  is varied with some probability from a 

minimum iα  to maximum iα . With small variable shifts, local minima of the cost function 

are explored, while large values allow a jump from one local minimum to another. In the 

present method, the Rwp cost function is locally minimized in each step so small shifts are not 

required; to decrease the calculation time sufficiently, large constant shifts iα  are used that do 

not change from iteration to iteration. In practice, the shifts of the rotational variables are set 

to 5˚ and the shifts of the translational variables are chosen in such a way that differences 

between atomic positions in a fragment before and after translation are in the range 0.45 - 

0.85 Å. In order to avoid the possibility that the system becomes held some point in the 

multidimensional variable space for too long, the average variable value >< ix  and its 

associated standard deviation )( ixσ  are calculated for every N0 accepted moves. If for all 

variables iix ασ <)( , the shift values iα and N0 are multiplied by predefined constants Mα and 

MN. If then, after some steps, for one of the variables iix ασ ≥)( , all iα and N0 are set to their 

initial values. In the tests performed to date, the settings N0=20 and Mα= MN=1.2 were 

satisfactory. 

The advantage of this scheme is that local minima leading to the global minimum are 

not likely to be missed. In the final stage of the global minimization this scheme may seem to 

become inefficient because close to the global minimum most shifts will be rejected and a 
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tendency will develop to increase the iα . In practice, however, this effect is interpreted 

positively as a sign to stop the global minimization and to start the Rietveld refinement. 

 

2.2. Calculation of the potential energy 

For several reasons, in the global minimization a simple potential-energy function is 

used, consisting only of repulsive terms,   

 

                                                                                        (2) 

 

The summation is carried out over all pairs of atoms (labelled i and j) in different 

molecules within a cut-off radius Rcut-off. The parameters Bij are taken from the UUF force 

field. 23 Apart from a considerable reduction in computing time, the most important effect of 

this potential-energy function is that intermolecular contacts that are too short are avoided. 

The neglect of Coulomb interactions may seem disadvantageous but in this way the algorithm 

may also be applied successfully to systems in which the precise hydrogen-bonding network 

is unknown, like in the examples discussed in 3.2 and 3.3. 

 

3. Results 

To demonstrate the application of our approach for structure solution from powder- 

diffraction data, three examples are discussed with different degrees of complexity. All 

structures are organic compounds without intramolecular degrees of freedom and differ only 

by the number of rigid moieties in the asymmetric part of the unit cell.   

 

3.1. 2-iodo-benzenemethanol 

We started with the simple 2-iodo-benzenemethanol structure (C7H7IO), which was 

solved previously 24 from laboratory diffractometer data. The compound crystallizes in space 

group Pca21 with cell parameters a=6.288(4) Å, b=7.361(4) Å, c=16.93(1) Å and Z=4. The 

single molecule present in the asymmetric part of the unit cell was considered as a rigid 

fragment with six degrees of freedom. Only non-hydrogen atoms of the molecule were taken 

into account in the global minimization process.  

During global optimization the Rwp function was calculated for the first 100 

reflections and a cut-off radius of 5Å for the potential energy was applied. In all 10 test 

calculations a global minimum was reached after 100-150 iterations depending on the starting 
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configuration. The variation of the Rwp and potential-energy cost functions during global 

optimization for accepted Monte Carlo random-walk moves in a typical calculation are 

presented in Figure 1. The strong drop of the Rwp in the first steps corresponds to the correct 

positioning of the heavy iodine atom. For every starting configuration, this occurred after the 

first local minimization of the Rwp. After this, most of the time the fragment only rotated 

around the correct position of iodine untill the global minimum of the cost functions was 

reached with the Rwp~27%. The large increase of the Rwp between iterations 45 and 60 

corresponds to a shift of the iodine to a symmetry-related position. The atomic positions 

found by the global minimization differed at most by 0.5 Å from the corresponding atomic 

positions in the refined crystal-structure model. 

 

Figure 1. The accepted-moves evolution during the global minimization procedure for 2-

iodo-benzenemethanol of (a) the Rwp cost function; (b) the potential energy cost function 

(energy scale is log10). 

 

3.2. Melamine Phosphate 

The compound melamine phosphate (C3H9N6O4P), solved initially from synchrotron 

data using the grid-search technique (see Chapter 4) crystallizes in space group P-1 with cell 

parameters a=9.3640(1) Å, b=10.2418(1) Å, c=4.5778(1) Å, α=91.7588(2)°, β=94.7710(2)°, 

γ=83.5385(2)° and Z=2. Melamine phosphate consists of a planar melamine moiety and an 

orthophosphate group. Prior analysis of the pattern showed a dominating )111(  reflection 

that may have given immediately the orientation of the melamine molecule, but in the tests 

this information was not used and the structural models for our Monte Carlo calculations were 

generated by randomly rotating and displacing both the melamine and phosphate moieties in 

the asymmetric part of the unit cell. With respect to the structure-determination process, 

(a) (b)
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melamine phosphate is more complicated than the 2-iodo-benzenemethanol discussed above 

because the number of degrees of freedom is larger (twelve, six for each moiety). Moreover, 

the melamine molecules and phosphates are connected by hydrogen bonds and short contacts 

(< 2.45Å) exist between two phosphates. The simplest way to take this into consideration is to 

reduce the potential-energy cut-off radius for atoms that are connected via hydrogen bonds. 

Because the hydrogen network in melamine phosphate could not be predicted beforehand, a 

constant 5Å energy cut-off radius was used for all atoms in the structure and only non-

hydrogen atoms were taken into consideration in the structure-determination procedure. To 

calculate the Rwp cost function, the first 100 reflections were used. In total 10 test 

calculations were performed. Depending on the starting configuration, after 150-600 steps of 

the Monte Carlo random walk the global minimization procedure was stopped at Rwp~16%.  

An example of the evolution of the Rwp and energy cost functions during global 

minimization is shown in Figure 2.  

 

Figure 2. The accepted-moves evolution during the global minimization of the melamine 

phosphate structure of (a) the Rwp cost function; (b) the potential energy (energy scale is 

log10). 

 

The huge potential energy oscillations between iterations 15 and 35 and the fast 

reduction of the Rwp between the 30th and the 35th iteration are caused by intensive rotations 

and shifts of the planar melamine molecule. During rotation, two symmetry-related melamine 

molecules move very close to each other, which leads to a large increase of the potential 

energy. After the global minimization process, the maximum difference between atomic 

positions in the minimized models and the corresponding refined atomic positions was less 

then 0.7Å. 

(a) (b)
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3.3. Melamine pyrophosphate 

The previously unknown structure melamine pyrophosphate (C6H16N12O7P2) was 

solved from laboratory powder diffraction data by our approach and then refined using 

synchrotron data. Melamine pyrophosphate crystallizes in space group P-1 with Z=2 and unit-

cell parameters: a=10.89321(2) Å, b=11.20792(2) Å, c=6.84243(1) Å, α=104.969(1)°, 

β=101.473(1)°, γ=83.805(1)°.  

Melamine pyrophosphate is the result of a solid-state reaction that takes place when 

melamine phosphate is heated at a certain temperature. Although the one-to-one reaction 

suggests similar structural features in melamine phosphate and melamine pyrophosphate, a 

suggestion that is supported by the final crystal-structure models, this information was not 

exploited and the initial melamine pyrophosphate models for the Monte Carlo structure 

determination algorithm were generated randomly. Each model had eighteen degrees of 

freedom, corresponding to three rigid moieties in the asymmetric part of the unit cell, two 

melamine molecules and one pyrophosphate molecule. A model of the melamine moiety was 

taken from the crystal structure of melamine phosphate (see Chapter 4) while the 

pyrophospate moiety (P2O7
4-) was taken from the crystal structure of guanidinium 

pyrophosphate monohydrate. 25 Only non-hydrogen atoms were considered, partially because 

some hydrogen atomic positions could not be predicted beforehand, partially in order to 

accelerate the calculations: the neglect of the twelve protons of the NH2 groups of the two 

melamine molecules in the asymmetric part of the unit cell reduces the number of atoms in 

the calculations by 28%. 

At the first stages of the global minimization only the 49 lowest-angle reflections were 

used in the calculation of the Rwp. Then, when the Rwp became less than ~25%, 110 low-

angle reflections were taken into consideration. This scheme allowed a rough positioning of 

the three moieties in the unit cell, after which a more precise and twice as time consuming run 

was started.  

Finally, after ~1500 iterations of different Monte Carlo runs in total, two slightly 

different models were found with Rwp~13%, which later were refined towards the same 

model.  An extensive discussion of the final structure model is given in Chapter 5.  

 

4. Conclusions 

To summarize, a new direct-space method for structure determination from powder- 

diffraction data has been devised, based on a Monte Carlo global minimization of two 

independent cost functions: the Rwp and a potential-energy function. The approach was 
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successfully tested on organic compounds with different complexities (from 6 till 18 degrees 

of freedom). 
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Chapter 3 

Organa - a Program Package for Structure Determination from 

Powder-Diffraction Data by Direct-space Methods 

 

Submitted for publication 

 

Abstract. A new software package has been developed, named Organa, for ab initio solution 

of crystal structures from powder-diffraction data by direct-space methods. The package 

contains energy-guiding Monte Carlo and grid-search algorithms and is based on a combined 

global minimization of the R-factor and a potential energy function of the system with the 

option of local minimization of the cost function for each generated trial structure. Basically, 

the potential energy function consists of van der Waals interactions, but harmonic potentials 

can be added to impose soft-distance restraints. The program was successfully applied to the 

structure determination of a series of melamine-phosphate compounds. The program is 

available for all Windows platforms.  

 

1. Introduction 

During the last years, a lot of effort has been put in the improvement of the direct-

space strategies for structure solution from powder-diffraction data (see e.g. [1] and 

references therein). In these approaches many trial structures are generated in real space, 

independently of the experimental powder-diffraction data. The suitability of each trial 

structure is assessed by directly comparing its calculated powder-diffraction pattern with the 

experimental data. In contrast to traditional "single-crystal-like" direct methods 2-4 or 

Patterson techniques, 5 direct-space approaches can easily handle sets of overlapping 

reflections and do not require extraction of all individual reflection intensities. Taking into 

consideration that usually an extensive peak overlap exists in the powder-diffraction pattern, 

making the extraction of reliable individual reflection intensities rather problematic, it is not 

surprising to observe a great interest in direct-space strategies.  

The basis of the direct-space strategy for structure determination is to find a trial 

structure that corresponds to the global minimum of a cost function, which is defined as the 

smallest overall difference between the experimental pattern and the pattern calculated from 

the trial structure. In principle, any technique for global optimization may be used and this is 

one way to optimize direct-space strategies. Significant success has been achieved in using 
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methods such as Monte Carlo, 6,7 simulated annealing, 7-12 parallel tempering, 13 the genetic 

algorithm 1,14,15 and grid search. 16,17 Another way to improve the direct-space strategies is to 

vary the cost function used for global minimization. 18,19 For instance, one of the recent 

improvements was shown to be the use of a potential energy function of the structure under 

consideration as an additional term in the cost function. In this way the generation of 

unrealistic structures, that are characterized by high energies because of too short 

intermolecular contacts, impossible bonding angles and so on, can be avoided or at least 

minimized during global minimization. 1,9,10,14 

Our own energy-guiding Monte Carlo approach for structure determination from 

powder diffraction data 20 that has been discussed in Chapter 2 is also based on this idea. The 

modified and improved version of this approach has become the core of the program package 

Organa we have developed. This package also includes a grid-search algorithm as a 

supplementary/alternative tool for structure solution. Key features of Organa are the use of a 

potential energy function to avoid the occurrence of too short intermolecular contacts, an 

option to define soft restraints for selected groups of atoms, and an option for a local 

minimization of the cost function at each step of the global minimization for all implemented 

algorithms.  

The Organa program package has been tested successfully on a range of organic 

compounds with different degree of complexity.   

 

2. Structure description 

2.1. Definition of the molecules 

The Organa program package has been developed primarily for structure 

determination of organic and organo-metallic compounds, i.e. molecular crystals, and 

therefore the structure description was optimized accordingly.  

In molecular crystals the structure can be defined in terms of a set of rigid structural 

"fragments” that represent those part(s) of the molecule(s) with known configuration. Six 

degrees of freedom (three rotational and three translational) fully define orientation and 

position of each fragment in the unit cell. For each fragment f  its position is specified by the 

coordinates fr
r

 of the origin of a Cartesian frame associated with it and its orientation with 

respect to the unit cell is defined by the rotation matrix fρ  that depends on three rotation 

Eulerian angles fe1 , fe2  and fe3  with respect to a set of orthogonal axes, 
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In this description the position of each atom in the asymmetric part of the 

crystallographic cell f
jr
r

 is related to its coordinates )( fcar
jr
r

 in the Cartesian frame (of 

fragment f) via,  

f
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where matrix M defines the transformation from an orthonormal coordinate system to the 

crystal axes, 
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In order to take into account the internal degrees of freedom, molecules can be 

described as chains of connected fragments. Let us consider fragment 2f  being connected to 

fragment 1f  in such a way, that fragment 2f  has coordinate )( 1

2

fcar
fr
r

 in the Cartesian frame of 

fragment 1f  and its orientation with respect to the cell axes is defined by two rotations: a first 

rotation 
1f

ρ  that coincides with the orientation of (the Cartesian frame of) the "parent" 

fragment 1f  in the cell and a second one, connected
f2

ρ , which defines the orientation of the 

Cartesian frame of fragment 2f  relative to the Cartesian frame of fragment 1f . Then, the 

orientation of fragment 2f  in the cell is defined by the matrix product, 

connected
ffM

21
ρρ           (4)  

and the fractional coordinates of an atom belonging to the fragment 2f  can be expressed as 

1

1

2

2
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2 )( )()(
f
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j
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f

f
j rrrMr
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In general, for a fragment Nf  having a chain of N-1 parents appearing in the order 

121 .... −→→→ Nfff  the fragment orientation will be defined by the product of N rotation 
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matrices and the transformation matrix M: connectedconnected
f

connected
ff

NfN
M ρρρρ
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−
, and the cell 

coordinates of the atom belonging to the fragment Nf  can be expressed as 
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For a convenient description of rotations around a bond (a free torsion angle), the 

rotation matrix of connected fragments is defined differently, in terms of a rotation angle fχ  

around a pre-defined axis with direction cosines 1l , 2l  and 3l in the Cartesian frame of the 

parent fragment, 
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To summarize, in the chain of connected fragments the components of rotation 

matrices and the position of the first parent 
1f

r
r

are freely changeable parameters and should be 

considered as variables during the structure-solution process. The remaining parameters, 

atomic coordinates within the fragments, coordinates of connected fragments within the 

parent fragments, and directional cosines of rotational axes, are pre-defined before solving the 

structure. The advantage of this approach is that the rotation matrices are the same for all 

atoms in the fragment and thus need to be calculated only once so saving computation time.  

Currently there are two ways to define molecules in Organa. The first option is to use 

Cartesian coordinates for which the user must specify the internal degrees of freedom (i.e. 

bonds around which rotations are possible), the initial position and the orientation of each 

molecule in the unit cell. Optionally, positions and orientations can be randomized before a 

global minimization run.  

A second way to define an initial arrangement of the molecules is to use unit-cell 

contents in cell (fractional) coordinates. In this latter case internal degrees of freedom and 

rotation centers for each molecule (usually center of mass) must be specified.  This 

information will allow the program to convert cell coordinates of the atoms into Cartesian 

coordinates, which are used during all the calculations. 
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2.2. Symmetry 

The fractional coordinates f
Mjr ,

r
 of the atom related via the Mth symmetry element of 

the space-group symmetry to the atom in the asymmetric part of the unit cell f
jr
r

can be 

expressed,  

M
f

jM
f
Mj wrWr +=

rr
,          (8)  

where matrix MW  is the rotational part and Mw  the translation part of the symmetry operator 

(see [21], page 72). In Organa different symmetry groups can be assigned to different 

molecules in the unit cell, an option that can be useful, for instance, in cases when 

pseudosymmetry can be expected for some parts of the structure. 

 

3. Global optimization algorithms and cost functions 

3.1. Components of cost functions 

The direct-space strategy involves the exploration of the hypersurface of a cost 

function to locate the set of variables Γ  that gives the best fit to the experimental powder- 

diffraction pattern, in other words a set that is supposed to correspond to the global minimum 

of the cost function. In Organa, a global minimization of two separate cost functions can be 

performed simultaneously. The cost functions can be constructed as combinations of the R-

factor )(ΓR , the van der Waals potential energy )(ΓvdWE  and a harmonic potential 

)(ΓHARME , as will be discussed below in more detail.  

 

3.1.1. R-factor 

As R-factor in Organa basicly the following function is used, 

  
∑

∑ −
=

i
ii

i
iii

obsXw

calcXobsXw

Rw
2

2

))((

))()((

      (9) 

with )(obsX i and )(calcX i the observed (obs) and calculated (calc) integrated intensities of 

individual peaks, in case of well-resolved reflections, or sums of contributions from integrated 

intensities of several peaks in case of overlapping reflections; iw  are weighting coefficients 

and the summation is taken over all reflections (and clusters of overlapping reflections) 

chosen for the structure determination procedure. It is important to note that with this 

definition of the R-factor it is not required to split sum of intensities into individual 
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components for overlapping reflections. In the default mode, the weights iw  are defined as 

)(/1 obsXw ii = . However, alternative approaches, e.g. unity weights, can be used. 

The set of { )(obsX i } can be obtained by the full-pattern decomposition of the 

powder-diffraction pattern.  In terms of calculated 2|| hklF  the expression for )(calcX i  can be 

written as follows, 

 

∑=
hkl

calchklhklhkli FYmScalcX 2||)(        (10) 

In this equation the summation is taken over all overlapping reflections with Miller 

indices hkl , hklm  is the multiplicity of the individual reflection, hklY  corresponds to the 

texture-correction multiplier, and S  is the scale factor that can be calculated easily 

analytically from the condition 0=
∂
∂

S

Rw
. 

The texture-correlation multiplier hklY  is generally taken equal to one. However, in 

case of a special morphology of the crystallites (e.g. plate like or needles) this multiplier 

easily may take on different value. In Organa, the March-Dollase preferred-orientation 

correction is used, 22 
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hklα  is the angle between the preferred-orientation vector [HKL] and the normal [hkl] to the 

diffraction plane (hkl). The value of the coefficient 0y  defines the amount of the preferred 

orientation and depends on both the diffraction geometry and the crystalline shape. If 

crystallites are plate-like and an axially symmetric cylindrical sample holder is used (e.g. a 

spinned capillary), they will tend to pack normal to the diffraction plane (hkl), i.e. 

perpendicular to the long axis of the capillary, and 0y  will be larger than one. In case of a flat 

sample holder plate-like crystals are most likely to pack parallel to the diffraction plane, i.e. 

parallel to the sample surface, and 0y  will be less than one. To needle-shaped crystals the 

opposite relationships for the value of 0y  apply.  

Optionally, in Organa the common weighted profile R-factor wpR  can be used instead 

of Rw. However, an essential advantage of the Rw is the much smaller number of 
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experimental values due to use of the { )(obsX i } set, compared to the set of all experimental 

points in the wpR , which reduces the calculation time by an order of magnitude.  

 

3.1.2. Van der Waals potential energy 

The potential energy term vdWE  describing short-range repulsive van der Waals 

interactions is defined as follows,    

∑∑
>

=
ij ij

ij

i
vdW r

B
E

12)(
          (12) 

The summation is carried out over all pairs of atoms (labeled i and j) in different 

molecules within a cut-off radius Rcut-off, which in general can be defined differently for all 

pairs of atoms (by default Rcut-off  = 3Å). The parameters Bij are taken from the UUF force 

field. 23 The most important effect of this potential energy function is that too short 

intermolecular contacts are avoided.  

 

3.1.3. Harmonic potentials 

Another potential energy term, HARME , that models harmonic interactions between 

selected atoms is defined in Organa in the following form, 

∑ −=
mn

mnmnmnHARM rrwE 20 |)||(|
rr

       (13) 

In this equation the summation is carried out over all pairs of atoms (labeled m and n) 

for which the potentials are defined. The mnw  represents amplitudes of the interactions, || mnr
r

 

gives the current distance between the atoms and || 0
mnr
r

corresponds to expected distance 

between the atoms. The values of the parameters mnw  express how close || mnr
r

 and || 0
mnr
r

 are 

expected to be (the parameters mnw  and || 0
mnr
r

 must be specified by user). 

The harmonic potentials are useful in cases when specific distances between atoms in 

neighboring molecules are known beforehand (e.g. molecular chains are expected). Harmonic 

potentials are also used to introduce additional internal degrees of freedom in the molecules to 

give them more flexibility and thus to allow more pathways at the hypersurface of the 

parameter space to come to the global minimum of the cost function during the optimization 

procedure, as suggested in [13].   

Apart from a considerable reduction in computing time, the advantage of the simple 

potential energy function used, with neglect of long-range interactions, is that incomplete 
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systems, e.g. in which the precise hydrogen-bonding networks are unknown, can be handled. 

Moreover, the difficulty with more complex energy descriptions is that it is often rather 

specific for the kind of material studied and an incorrect description of the energy can easily 

lead to a false local minimum.  

 

3.2. Global minimization. Random approach: energy-guiding Monte Carlo 

The random-search global optimization algorithm implemented in Organa uses a so-

called reverse Monte-Carlo approach. 24 In this approach a sequence of structures (denoted jΓ  

for j=1,2...n) is generated randomly, thus creating a random trajectory in the parameter space 

Γ  to explore the hypersurface of two cost functions:  

)()1()()(1 Γ−+Γ=Γ HARMW ERG ββ        (14) 

and  

)()(2 Γ=Γ vdWEG ,          (15) 

with ]1..0[∈β  a weight factor. Each structure 1+Γ j  is derived from a predecessor jΓ  by 

random changes of the structural variables }{ ix  (rotation angles and positions of the 

fragments), defined as: iiii xx ξα+→ . The ξi are randomly chosen between 1 and –1 and 

give the direction of shift while the iα  are numerical shift values. The iα  can be fixed or can 

be assumed to be distributed randomly between predefined minimum (usually zero) and 

maximum values. In the latter case with small variable shifts local minima of the cost function 

are explored while large values allow a jump from one local minimum to another. An 

essential advantage of Organa is that after a random variable shift in iΓ  a local minimization 

of the cost function can be performed. Because of this, small random variable shifts are not 

required, thus decreasing the calculation time, and sufficiently large constant shifts iα  can be 

used safely. In our practice, the shifts of the rotational variables are usually set to 1-5° and the 

shifts of the translational variables are chosen in such a way that the difference between 

atomic positions in a fragment before and after translation is about 0.5 Å. 

The procedure for generating a structure 1+Γ j  from the previous structure jΓ  is as 

follows: starting from the structure jΓ , a trial structure trial
jΓ  is generated by adding random 

displacements to each of the structural variables in jΓ , (optimally) followed by local 

minimization of the cost function )(1 ΓG . The agreement between the powder-diffraction 

pattern calculated for the trial structure and the experimental diffraction pattern is assessed by 
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calculating the cost function )(1
trial
jG Γ . In case )()( 11 j

trial
j GG Γ≤Γ  the trial structure is 

always accepted. If )()( 11 j
trial
j GG Γ>Γ , the second cost function is calculated and only in 

case )()( 22 j
trial
j GG Γ≤Γ  the trial structure is accepted. If trial

jΓ  is accepted, trial
jΓ  becomes 

1+Γ j , otherwise 1+Γ j  is taken to be the same as jΓ . 

In order to avoid trapping of the system in a local minimum for too long, the same 

procedure as discussed in Chapter 2, page 18 was used. 

Besides the structural variables }{ ix  in the global optimization the direction of 

preferred orientation can be optimized. In order to use this option, a set of possible preferred 

orientation directions must be specified from which a direction will be chosen randomly for 

each trial configuration during the global optimization.  

In general, the random-search global optimization approach described above differs 

from the standard Monte Carlo based algorithm such as simulated annealing or parallel 

tempering, only by acceptance criteria for the trial structure trial
jΓ  in cases when 

)()( 11 j
trial
j GG Γ>Γ .  In the standard Monte Carlo approach the trial structure is accepted with 

probability )]/))()((exp(1[ TGG j
trial
j Γ−Γ−− , where T is an appropriate scaling 

"temperature" factor. In our approach, instead of using a probabilistic acceptance rule, a 

deterministic criterion is used based on the analysis of the potential energy function as 

described above. For this reason we refer to it as an "energy-guiding" Monte Carlo approach. 

If the potential energy is used in a structure-determination process, it is usually added 

to the R-factor as an additional weighted summand to form a so-called “mixed cost 

function”.9 In our approach only the harmonic potentials are added to the R-factor, usually 

with sufficiently large weight )1( β− , to stay close to the ‘ideal’ interatomic distances after 

each local minimization of the cost function.  

In contrast to the local minimization of the harmonic potential energy, that allows to 

keep the structure restrained, the local minimization of the van der Waals potential energy as 

a component of the cost function is not always desirable. For instance, in case short 

intermolecular contacts are present in the structure, e.g. hydrogen bonds, that can not be 

anticipated beforehand the local minimization of the van der Waals term may lead the 

algorithm away from the correct solution, especially taking into consideration that changes in 

the potential energy are usually much higher than in the R-factor, so making them difficult to 

compare. When the van der Waals term is considered separately from the R-factor, as in the 
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presented energy-guiding Monte Carlo approach, there is no need to compare the relative 

improvements in the R-factor and the van der Waals potential energy with each other.  

 

3.3. Global minimization. Regular approach: Grid Search 

In case of the grid-search algorithm during global optimization the value of each 

structural variable is changed systematically within pre-defined limits and with a pre-defined 

step, so many trial structures on a regular grid of structural variables are considered.  

For each trial crystal structure the cost function is monitored. The structure with the 

lowest cost function is supposed to be in the neighbourhood of the cost function global 

minimum. Small grid steps are preferred because this raises the probability that the global 

minimum will be located. However, it should be taken into consideration that the number of 

structural models to be examined increases sharply as the grid step is decreased, and this may 

lead in the end to unacceptable computation times. In Organa, a local minimization of the cost 

function can be employed at each step of the grid search, so making large steps possible. The 

large-step grid search can be useful for preliminary exploration of the cost function 

hypersurface before a random-search global optimization run. The cost function of the grid 

search is constructed as a weighted sum of )(ΓWR , )(ΓHARME  and )(ΓvdWE : 

)()()()( Γ+Γ+Γ=Γ vdWHARMW EERG γβα ,       (16) 

where α , β  and γ are user-defined arbitrary weights. Although the addition of the extra 

potential energy terms in the cost function of the exhaustive grid-search algorithm requires 

additional computation time per iteration, this negative effect sometimes may be greatly 

compensated because it allows to use a much less dense grid. It is recommended to use small 

energy cut-offs for the der Waals interactions (1 - 2 Å) to increase the computation speed and 

to make the crystallographic R-factor the decisive criterion to select the better configuration if 

the molecules are not very close to each other. 

 

3.4. Local minimization of the cost function 

Local minimization of the cost function has been shown to improve the efficiency of 

finding the correct structure solution, and to improve the reliability and reproducibility in 

terms of finding the correct structure solution (for example, in repeated runs from different 

random initial configurations) in direct-space strategies such as Monte Carlo, 25 simulated 

annealing 8,10 or genetic algorithm. 15 This success may be attributed to a significant reduction 

of the amount of trial configurations that are generated in the stochastic part of the global 
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minimization strategy since only configurations that correspond to local minima will be 

considered. 

In Organa the local minimization of the cost function is performed with respect to all 

degrees of freedom }{ ix  associated with rotational and positional parameters of the fragments 

and the amplitude of the March-Dollase preferred orientation correction factor. The 

calculations are performed using a simple gradient method: start at a point 
0

}{ Γix  

corresponding to an initial structure 0Γ ; as many times as needed move from point 
jix Γ}{  to 

1
}{

+Γ jix  in the direction of the local gradient )}({
jixG Γ∇− . The displacement along the 

gradient is chosen in such a way that displacements of all individual parameters do not exceed 

predefined maximum values }{ max
ix∆ . If at some step of the minimization 

)}({)}({
1 jj ii xGxG ΓΓ >

+
, i.e. the local minimum has been overjumped, the maximum allowed 

displacements are decreased 25%, i.e. }*75.0{ maxmax
ii xx ∆=∆ . On the other hand, if the cost 

function calculated is smaller than the previous five cost functions, the maximum allowed 

displacements are increased 25%. If, after a series of changes )}({)}({
1 jj ii xGxG ΓΓ >

+
 and 

}{ max
ii Cx ≤∆  with }{ iC predefined user constants, the minimization is stopped. This stopping 

criterion guarantees that the parameters }{ ix  of the structure obtained after local minimization 

differ less than }{ iC from the parameters of the structure that corresponds exactly to the local 

minimum. This simple algorithm proved to be rather efficient and very stable for all cost 

functions discussed above.  

The local minimization can significantly increase the overall calculation time since 

sometimes many configurations are considered during gradient minimization. Thus, a 

reasonable trade-off between minimization accuracy (parameters }{ iC ) and calculation speed 

should be applied for a successful structure determination. For most of the problems an 

excellent accuracy in the local minimum localization can be obtained with C = 0.01 for the 

preferred orientation amplitude and the other }{ iC  defined in such a way that the maximum 

atomic displacement after displacements of all structural variables at }{ iC  does not exceed 

0.01 Å.  

However, to locate an approximate minimum, for instance in a preliminary grid 

search, sometimes much larger values of the corresponding parameters can be used. By 

default in Organa the initial values of }{ max
ix∆  are taken as five times the }{ iC . 
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Sometimes it is desirable to restrain some parameters during local minimization. Most 

often, a restraint must be used for the preferred orientation amplitude 0y  to avoid incorrect 

structures with unrealistic values of 0y . If during local minimization a parameter tends to 

exceed its restraint(s), the parameter is not taken into consideration for gradient calculation.  

 

4. Applications 

The program package has been applied in the structure determination of a series of 

melamine-phosphate compounds (Table 1).  

 

Table 1. Structures solved with Organa. Notes: (a) test structure; (b) previously unknown structure 

solved with an earlier version of Organa; 20 (c) previously unknown structure solved with the current 

Organa version.  

 

The first tests were conducted on melamine orthophosphate (Table 1, structure 1). This 

relatively simple structure with two independent rigid molecular fragments in the asymmetric 

unit cell (one melamine and one orthophosphate moiety) was solved initially from 

synchrotron data using the grid-search technique. For test purposes, ten structural models 

were generated by positioning of the fragments randomly in the asymmetric part of the unit 

cell. Starting from these models structure determination was performed using the energy-

guiding Monte Carlo algorithm with position randomization amplitudes of 0.5 Å for 

displacements and 5º for rotations around fragment gravity centers. A constant 3 Å energy 

cut-off radius was used for all atoms in the structure and only non-hydrogen atoms were taken 

into consideration in the structure determination procedure.  All the runs led to the correct 

crystal structure in a relatively small amount of iterations (see Table 1). The structure 

determination runs were normally stopped when R-factor became less then 15%.  After the 

global minimization process the maximum difference between atomic positions in the 

minimized models and the corresponding refined atomic positions was less then 0.7 Å. 

Chemical Formula Space 

group 

DOF Reflections used for 

structure determination 

Iterations 

(Monte Carlo) 

Reference 

1) C3H7N6
+.H2PO4

- (a) P-1 12 100  (up to 2.1 Å) 200-1000 Chapter 4 

2) (C3H7N6
+)2•H2P2O7

2- (b) P-1 18 49-110  (up to 2.6 Å) 1500 Chapter 5 

3) C3H7N6
+•PO3

- (c) C2/c 12 100 (up to 1.8 Å) 600 Chapter 6 

4) (C3H7N6
+)4•(H2PO4

-)2• 

     HPO4
2-•(H2O)3 

(c) 
P-1 51 107 (up to 3.1 Å) 20000 Chapter 7 
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An analysis of the various melamine-phosphate crystal structures reveals typical 

packing motifs. In particular, each phosphate moiety is connected via a hydrogen bond to a 

melamine endocyclic nitrogen with the O...N distance about 2.5 - 3.0 Å. In order to introduce 

this information in the structure-determination process for melamine orthophosphate a 

harmonic potential term was added to the cost function describing the interaction of the 

melamine and orthophosphate moieties in the asymmetric part of the unit cell. Using the 

parameterization given in (13), a potential between one of the orthophosphate oxygens and 

one of the melamine endocyclic nitrogens was introduced with || 0
mnr
r

 = 2.75 Å. The weight 

mnw  (=1000) was chosen to be large enough to allow after the local minimization of the cost 

function only configurations with the corresponding O...N distance being about the ideal 

value given by || 0
mnr
r

. The parameter β  describing the influence of the harmonic potential 

term on the overall cost function introduced in (14) was chosen to be 0.5. In general, with this 

harmonic restraint, the speed of convergence of the structure determination process increased 

at about 20% while the precision in the determination of the atomic positions remained the 

same.  

Technically, the structure determination procedure of the other investigated melamine 

phosphates (Table 1, structures 2-4) is similar to the one discussed above since these 

compounds are structurally closely related. However, the complexity of the task varies 

significantly from structure to structure with the amount of degrees of freedom. In this respect 

it is essential to point out that using the Organa package a structure of a melamine-phosphate 

compound with as much as ten independent molecules in the asymmetric part of the unit cell 

has been solved (see Table 1, structure 4, Chapter 7). For the structure determination of such a 

complex compound as much prior information as possible must be introduced into structure- 

determination process. Therefore, various harmonic restraints were used between melamine 

and phosphate moieties, both expected to be packed in chains. Without such restraints a 

chemically feasible packing is easily lost:  a small randomization of the structural parameters 

at the next Monte Carlo step leads to the appearance of many undesirable local minima and 

significantly increases the overall computation time.  

Another interesting feature of the structure-determination process of the last discussed 

compound is the presence of a significant preferred orientation, which could not be ignored. 

However, unrestrained optimization of preferred orientation often leads to local minima with 

physically unreasonable preferred-orientation amplitudes in which the system tends to get 

stuck for a long time. Therefore, during the initial stages of the structure-determination 
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process the preferred-orientation magnitude was limited to the range 0.9 – 1.1, later on, after 

stabilization of the structure, this was relaxed to 0.75 – 1.25.  

 

5. Summary 

To conclude, we presented the program Organa, which incorporates a newly 

developed energy-guiding direct-space Monte Carlo approach and a modernized classical 

grid-search algorithm for structure determination. The main features of both structure- 

determination approaches are discussed extensively, such as the option to use a local 

minimization of the cost function for a faster exploration of the hypersurface of the cost 

function and potential energy functions as additional criteria to judge the correctness of the 

models. The performance of the program is illustrated with the structure determination of a set  

of melamine-phosphate compounds. 
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Chapter 4 

Crystal Structure of Melaminium Orthophosphate from High-

Resolution Synchrotron Powder-Diffraction Data 

 

Published in: Helv. Chem. Acta. 2004, 87, 1894-1904. 

 

Abstract. The crystal structure of melaminium orthophosphate (MP) has been determined 

from high-resolution synchrotron powder-diffraction data. The crystal packing consists of 

melaminium layers and pairs of orthophosphate chains, connected by hydrogen bonds almost 

perpendicular to the layers. The distance between melaminium layers is 3.62 Å. Neighbouring 

melaminium molecules do not lie in the same plane, but in two parallel planes at close 

distance (0.79 Å) and are shifted with respect to each other. The orthophosphate chains are 

connected by both intra-chain and inter-chain hydrogen bonds. The melamine is singly 

protonated at an endocyclic N-atom. The powder-diffraction data were corroborated by solid-

state NMR experiments. 

 

1. Introduction. 

One of the performance characteristics of bulk polymers and engineering plastics is 

their flammability. Most of the widely applied polymers are not intrinsically fire-resistant and 

burn completely upon ignition. However, in many applications, for example, electric and 

electronic appliances and consumer products, the inflammability of the polymers must be 

reduced for safety reasons. In general, this is accomplished by addition of so-called flame 

retardants (FR’s). Nowadays the market of FR's is for a large part dominated by health- and 

environmentally hazardous materials like halogenated compounds. Brominated FR's, for 

example, are a source of extremely toxic brominated dioxins and furans. 1 Also from a 

technical viewpoint, halogenated FR's are highly disadvantageous: the formation of very 

corrosive gases like hydrogen bromide, especially during the burning process, causes more 

damage than the actual fire, by affecting, e.g.,  electronic equipment. 

Several years ago, DSM (Geleen, The Netherlands) and Ciba Specialty Chemicals 

(Basel, Switzerland) started with the development of halogen-free FR's based on melamine 

(2,4,6-triamino-1,3,5-triazine, C3H6N6). 
2 Melamine cyanuric acid, 3 for example, was 

developed for a specific polymer, polyamide 6. The use of melamine at large scale for flame-

retardant applications is, however, quite limited. This can be attributed mainly to the lack of 
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fundamental knowledge on the flame-retarding mechanism of non-halogen FR's in general, 

and melamine-based systems in particular. Knowledge concerning the molecular and crystal 

structure is, thus, expected to improve the optimisation of the thermal stability of the product. 

Melamine readily forms insoluble adducts with many organic and inorganic acids. 4 

Melamine is also used as an agent for producing linear and cyclic polyphosphate compounds.5 

In the framework of a project to establish the structural characteristics of environmentally 

friendly FR’s based on melamine and its derivatives, we have now determined the crystal 

structure of melaminium orthophosphate (MP). Since it has not been possible to grow suitable 

single crystals, the crystal structure had to be determined on the basis of powder diffraction 

data. 

 

2. Results and Discussion. 

2.1 Crystal structure determination 

The unit-cell parameters determined and refined (Table 1), initially using Guinier data 

and later on synchrotron data, are different from those reported by Frazier et al. 6 The d-

values obtained in this latter work are also different, and no transformation matrix could be 

found between our unit-cell data (Table 1) and those reported earlier by Frazier et al. 6 

 

Table 1. Experimental details of X-ray powder investigations [synchrotron radiation, λ = 

0.75003 Å, powder diffractometer at beamline BM01B, ESRF, Grenoble, (France)]. 

Crystal Data 
 

Chemical formula C3H7N6
+.H2PO4

- 

chemical formula weight 224.12 

cell setting, space group Triclinic, P1 (no. 2) 

Z 2 

Lattice constants (Å, °) a=9.3640(1), b=10.2418(1), c=4.5778(1), 

α=91.7588(2), β=94.7710(2) ,γ=83.5385(2) 

V (Å3) 434.63(1) 

ρcalcd (g cm-3) 1.71 

F(000) 232 electrons 

Data collection  

data range  3.03≤2θ≤40.53°, 7500 data points 
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no. Of reflections 751 

Temperature (K) 294 

M20 239 

Refinement  

No. of refined parameters  

Structural  

Lattice 6 

Positional 42 

Displacement 4 

Other  

Texture 14 

Profile 28 

Background 12 

zero-shift 1 

GoF 7.94 (12.7)* 

Rp
** (%) 4.71 (7.09)* 

Rwp
*** (%) 6.76 (9.85)* 

  
 

* The value in brackets for GoF, Rp and Rwp indicates the results of the full pattern 

decomposition procedure (3.03≤2θ≤28.03°), 
** Rp= Σ | yobs - ycalc | / Σ yobs, 

*** Rwp= {Σ w(yobs - ycalc)
2 / Σ w.yobs

2}1/2 

 

The calculated density dx = 1.71 g cm-3 is in good agreement with the experimentally 

delivered dm = 1.735 g cm-3 as determined by pycnometry. 

It is well known that X-ray structure elucidations are limited with respect to the 

determination of hydrogen positions. Therefore, before performing the Rietveld refinement, 

the question of the number and precise position of the hydrogen atom(s) bonded to the 

melamine nitrogen atom(s) had to be addressed. Melamine can be protonated either at the 

endocyclic nitrogen atoms in the triazine ring or the exocyclic NH2 groups. Based on UV-

absorption experiments, Hirt and Schmitt 7 predicted that the endocyclic nitrogen atoms are 

more basic than the NH2 groups. Preferred ring protonation was also suggested by molecular 

orbital (MO) calculations. Using Hückel theory, Morimoto showed the ring-protonated form 
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of melamine to have a lower π-electron energy than the NH2-protonated form. 8 Ring-

protonated forms were considered in order to establish a correlation between the pKa values 

and the electronic-energy levels and atomic charges as obtained from simple MO 

computations on various amino-oxo derivatives of 1,3,5-triazine. 9 Without argumentation, 

protonation of the triazine nitrogen atoms was also assumed by Albert and co-workers 10 and 

by Korolev and Mal’tseva.11 Energy calculations by the CNDO/2 method of two monocation 

and four dication models of melamine indicated that melamine, in acidic aqueous solution, is 

most likely a monocation with a proton attached to an endocyclic nitrogen atom. 12 MO with 

MOSP, combining the Hückel with the Del Re method, indicated the triazine nitrogen atoms 

of melamine to have a higher negative charge and to contribute more to the highest-occupied 

molecular orbital (HOMO) than the NH2 nitrogens. 13 Finally, the IR spectra of different 

melamine/acid adducts (including those with phosphoric acid) showed the formation of salts 

with a high concentration of C=N bonds, indicating ring-nitrogen protonation. 14 Only 

Jahagirdar and Kharwadkar appear to have taken for granted that protonation of melamine 

occurs at the amino group(s), 15 although they only discussed in detail the degree of 

protonation but not the position. 

Protonation of a second triazine N-atom of melamine is less likely than protonation of the 

first one and triple protonation is even more less likely than double protonation. The number of 

protonated N-atoms is strongly dependent on the environment. Potentiometric and 

conductometric titrations in aqueous, dimethylsulphoxide (DMSO), and H2O/DMSO mixtures 

have revealed that only one nitrogen gets protonated in water, all nitrogens get protonated 

simultaneously in DMSO (mol fraction close to one), and two nitrogens get protonated in a 

stepwise process in DMSO/water mixtures (for a DMSO mol-fraction-range of 0.38-0.78).15 

The position(s) and degree of protonation of endo- and/or exocyclic melamine-

nitrogen atoms are suggested by the crystal structures retrieved from the Cambridge 

Structural Database: 16 next to melamine, only singly or doubly charged adducts are found. In 

the cation cases, melamine is exclusively protonated at one or two endocyclic nitrogen atoms. 

The structure determination was carried out by a genetic algorithm. In the “Search 

Molecule Position” module of the in-house-modified program MRIA, 17 the initial MP model 

consisted of a melaminium trication (protonated at all endocyclic ring N-atoms) and a 

phosphate anion. These moieties were searched for independently, as discussed in the 

“Experimental Part”. 

In view of the discussion above, no attempts were undertaken to perform a Rietveld 

refinement with melaminium cations having one or more protonated NH2 groups. A Rietveld 
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refinement was carried out using (a) a neutral melamine molecule, (b) the three monocations, 

(c) the three dications and (d) the trication. Eventually the Rietveld refinements were carried 

out without any distance restraints. The crystallographic Rp and Rwp values of the final models 

are not substantially different. For example, the model with three protonated endocyclic 

nitrogen atoms resulted in Rp = 5.15%, Rwp = 7.29%, and GoF (Goodness of Fit) = 8.57, while 

the monocation model discussed hereafter resulted in lower – but comparable – consistency 

criteria (Rp = 4.71 %, Rwp = 6.76 %, GoF = 7.94). A detailed analysis of the trication 

structure, however, revealed too short intermolecular H…H distances of 1.24 and 1.49 Å 

together with some relative short intermolecular O…O distances of 2.52 and 2.58 Å. The only 

crystal structure model found without too short distances, discussed hereafter, consists of a 

melaminium cation with only one protonated endocyclic melamine nitrogen atom and a 

dihydrogenphosphate anion. 

The shortest P-O bond distance [Table 2; P1-O3: 1.483(2) Å] in dihydrogenphosphate 

is substantially smaller than the remaining three [range 1.524(2)-1.591(2) Å], which indicates 

significant double-bond character. The hydrogen atoms are considered to be bonded to the 

oxygen atoms O4 and O5 having the longest P-O distance. However, Rietveld refinement 

with a hydrogen atom bonded to O2 instead of O5 resulted in nearly identical consistency 

parameters. The model with a hydrogen atom bonded to O5 is discussed hereafter, but it 

should be kept in mind that the total energy of the alternative model with a hydrogen atom 

bonded to O2, as calculated with Cerius2 (Universal Force Field), is of comparable order of 

magnitude. 

Several argumentations can be given why a second deprotonation of the polyprotic 

phosphoric acid – leading to a melaminium dication and hydrogenphoshate – will not take 

place. It was already mentioned (vide supra) that protonation of a second endocyclic ring N-

atom of melamine is less favourable than protonation of the first one. The pKa values of 

phosphoric acid are 2.15, 7.21 and 12.34 for the first, second and third deprotonation 

respectively. Dihydrogenphosphate is, therefore, too weak an acid for the second deprotonation 

to occur. The pKa values of phosphorous acid of 1.8 and 6.2 are somewhat lower. Nevertheless, 

in the resently reported single-crystal structure of bis(melaminium) hydrogenphosphite 

tetrahydrate, 18 only the mono-anion and cation are formed. 

The model presented here was corroborated by solid-state NMR experiments. 19 Two-

dimensional 1H-13C, 1H-15N, and 1H-31P correlation spectra all indicated a single proton 

coordinated to the endocyclic nitrogen, and two protons connecting pairs of orthophosphate 

units. Of the four main resonances in the 1H NMR spectrum obtained on MP (Figure 1a), the 
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two broad lines (chemical shift range 4-10 ppm) stem from the NH2 group. The two other 

resonances appear above > 10ppm and are due to protons involved in hydrogen bonding in a 

ratio of 2 to 1, i.e. H-atoms bonded to the phosphate oxygen atoms and H-atom bonded to an 

endocyclic ring N-atom, respectively. 

 

Figure 1. (a) The single-pulse 1H magic-angle-spinning solid-state NMR spectrum of MP 

showing four main resonances. The spectrum was obtained at a static field of 18.8 T and a 

sample spinning frequency of 49.1 kHz; (b) the 13C cross polarization magic-angle-spinning 

solid-state NMR spectrum of MP. The spectrum was obtained at a static field of 7.1 T and a 

sample spinning frequency of 12 kHz. The cross polarization interval was 1.4 ms. TPPM 

decoupling with a 1H nutation frequency of 100 kHz, pulse duration of 5 µs and rf phases of ± 

25° was applied during acquisition. 

 

 

 

120130140150160170180190200
0

2000

4000

6000

8000

10000

δ [ppm]

02468101214161820

0.5

1

1.5

2

2.5

3

x 10
5

a

b



Chapter 4 

 47

Two resonances (2:1) appear in the 13C-NMR (CPMAS) spectra of MP (Figure 1b), 

instead of a single peak (as in pure melamine), indicating that the carbon atoms in the 

melamine ring have become inequivalent, and being in line with protonation of an endocyclic 

nitrogen. The 31P-NMR spectrum displays a single line from the orthophosphate unit. A 

detailed discussion of the solid-state-NMR results will appear elsewhere. 19 

The structure presented in this paper was used as starting model in a combined 

Rietveld – quantum-mechanics procedure. 20 Simulated annealing performed with 

PowderSolve 21 was based on the lattice parameters and space-group symmetry of the present 

data. Melamine and phosphate were considered as separate groups with three translational and 

three rotational degrees of freedom. Geometry optimisations were carried out with CASTEP 

keeping the lattice parameters fixed and using the exchange correlation functional of Perdew, 

Berke and Ernzerhof (PBE). 22 This led to a stable crystal structure similar to the one 

presented here. 20 

 

2.2 Molecular structure 

Selected bond distances and angles are compiled in Table 2. The melaminium cation is 

singly protonated at an endocyclic ring N-atom (Figure 2). The average ring and terminal C-N 

bond lengths are 1.363(7) and 1.322(5) Å, respectively. The six-membered ring exhibits 

significant distortions from the ideal hexagonal form. The internal C-N-C bond angle at the 

protonated ring N-atom [120.0(2)°] is significantly larger than the other two C-N-C angles of 

the ring [106.7(2) and 116.9(2)°]. These differences are due to the steric effect of a lone pair 

of electrons and are fully consistent with the valence-shell electron-pair repulsion theory. 23 A 

similar correlation between the internal C-N-C angles of the melaminium ring is observed in 

the crystal structure of the co-crystal of barbituric acid with melamine, 24 melaminium 

phthalate, 25 and melaminium chloride hemihydrate. 26 As a result of the protonation of the 

endocyclic N-atom, the internal N-C-N angle, involving only nonprotonated ring N-atoms, is 

larger than those containing protonated and nonprotonated ring N-atoms. Janczak and 

Perpétuo 27 reported that the ring distortion of the melaminium residue mainly results from 

protonation and, to a lesser degree, from hydrogen bonding and crystal packing. 
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Table 2. Selected bond distances (Å) and angles (°) with estimated standard deviations in 

parentheses. 

Melaminium ring atoms 

C12-N8 1.400(3) N10-C14 1.466(3) 

N8-C13 1.302(3) C14-N9 1.299(3) 

C13-N10 1.357(3) N9-C12 1.356(3) 

C12-N8-C13 120.0(2) N10-C14-N9 129.4(2) 

N8-C13-N10 128.2(2) C14-N9-C12 116.9(2) 

C13-N10-C14 106.7(2) N9-C12-N8 118.6(2) 

Melaminium substituents 

C12-N6 1.273(3) C14-N11 1.344(3) 

C13-N7 1.350(3) N8-H21 0.998 

N8-C12-N6 119.1(2) N10-C14-N11 108.5(2) 

N9-C12-N6 122.3(2) N9-C14-N11 122.0(2) 

N8-C13-N7 119.0(2) C12-N8-H21 119.8 

N10-C13-N7 112.8(2) C13-N8-H21 120.2 

Dihydrogenorthophosphate 

P1-O2 1.524(2) P1-O4 1.574(2) 

P1-O3 1.483(2) P1-O5  1.591(2) 

O2-P1-O3 119.04(10) O3-P1-O4 109.61(9) 

O2-P1-O4 106.68(9) O3-P1-O5 109.86(9) 

O2-P1-O5 105.63(9) O4-P1-O5 105.10(9) 

 

The bond lengths and angles in the melaminium moiety of MP are comparable to those 

found in other melaminium-monocation structures, with two exceptions.1) In all other known 

crystal structures the internal N-C-N angle is invariably larger than 120°, while in the present 

case the N8-C12-N9 bond angle is only 118.6(2)°. 2) The exocyclic N-C-N angle at the side 

of the protonated ring N-atom is invariably smaller than at the nonprotonated ring N-atom; in 

MP, this angle is smaller at C12, but larger at C13 (Table 2). 
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Figure 2. Atomic numbering scheme of MP in the asymmetric part of the unit cell. 
 

The six-membered aromatic ring of the melaminium residue is almost planar, the 

maximum deviation of a nonhydrogen atom from the least-squares plane being 0.028(3) Å. 

The NH2 groups are approximately coplanar with the least-squares plane through the 

melaminium ring, the angle of the least-squares plane through the amino group and the 

melaminium ring being 3.4(1), 17.9(2) and 7.5(2)° for N6, N7, and N11 respectively. 

 

2.3 Crystal structure 

The crystal structure consists of melaminium layers and pairs of orthophosphate 

chains, connected by hydrogen bonds almost perpendicular to the layers (Figure 3, Table 3). 

The orthophosphate chains are oriented parallel to the c axis, while the melaminium layers are 

parallel to the (1 –1 1) plane [Figure 4a]. The distance between melaminium layers is 3.62 Å, 

slightly larger than the distance of ~3.4 Å between aromatic layers that display π-π 

interactions. 28 Neighbouring melaminium molecules do not lie in the same plane, but in two 

parallel planes at close distance (0.79 Ǻ) and are shifted with respect to each other. 

Furthermore, these melaminium layers are slightly tilted with respect to the planes that can be 

drawn through the centres of the molecules (Figure 4). The orthophosphate chains are 

connected by both intra-chain and inter-chain hydrogen bonds (Figure 5). 
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Table 3. Hydrogen bonds (Å,°): D=donor, A=acceptor. 

DH...A DH H...A D...A D-H-A Symmetry operation 

N6H15...O2 1.021 2.094 2.845(2) 128.6 A 

N6H16...O2 0.935 2.186 3.013(2) 146.9 B 

N7H17...O4 1.175 2.464 3.488(2) 144.5 C 

N7H17...O5 1.175 2.245 3.167(2) 133.2 C 

N7H18...N10 0.920 1.968 2.867(3) 164.9 D 

N11H19...O5 1.221 1.747 2.910(2) 157.0 E 

N11H20...N9 0.771 2.259 3.020(3) 169.5 F 

N8H21...O3 0.998 1.791 2.777(2) 168.8 B 

O4H22...O3 1.061 1.517 2.577(2) 177.1 G 

O5H23...O2 1.013 1.511 2.524(2) 178.9 B 

Symmetry operations: a) 1-x, 1-y, 1-z; b) x, y, 1+z; c) -x, 1-y, 2-z; d) -x, -y, 2-z; e) x, -1+y, z; 

f) 1-x, -y, 1-z; g) -x, 1-y, 1-z 

 

 

 

Figure 3. Crystal packing of MP viewed along the c axis (a axis horizontal). 
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Figure 4. (a) Unit cell viewed along [1 0 1] showing the stacking of the melaminium layers in 

MP; (b) simplified projection of the melaminium molecules with respect to the plane through 

the centre of these molecules showing that two neighbouring melaminium molecules are not 

coplanar. 

 

Figure 5. Pairs of phosphate chains in MP. Chains 

are in the vertical direction. P=O bonds are shown as 

black sticks, the P-O bonds as white sticks. Subscripts 

_a, _c and _ca correspond to symmetry operations x, 

y, 1+z; –x, 1-y, 1-z and –x, 1-y, 2-z respectively. 

 

 

 

 

 

 

 

 

(a) (b) 
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3. Experimental Part 

3.1. Synthesis 

MP has been prepared at DSM (Geleen, The Netherlands) by heating a mixture of 

melamine (63.060 g, 0.5 mol) with water (250 ml) to 75 °C. Under vigorous stirring 

phosphoric acid (48.998 g, 0.5 mol) was added to this mixture. The reaction mixture was 

stirred during two hours at 75 °C. The solvent was evaporated under vacuum at 80 °C 

producing melaminium orthophosphate, which is a white solid. 

 

3.2. X-ray Crystal Structure Determination 

 Initially, MP was measured in-house using an Enraf-Nonius Guinier-Johansson 

camera equipped with a Johansson monochromator using CuKα1 (λ = 1.54060 Å) radiation at 

room temperature (T = 294 K). The sample was prepared by pressing the MP powder to a thin 

layer onto Mylar foil. To improve particle statistics, the sample holder was rotated in the 

specimen plane during exposure. For indexing, the accurate positions of 54 lines in the 

interval 2θ = 0.0–40.0° were collected by reading out the Guinier photograph with an optical 

instrument. The lines were indexed using the program ITO, 29 with a Figure of Merit M20 = 

75. A number of weak lines could not be indexed, indicating the presence of a small 

contamination (1-2 %). 

A capillary with diameter 1.5 mm was filled with MP powder and measured at the 

high-resolution powder station of BM01B of the Swiss-Norwegian Collaborating Research 

Group at the European Synchrotron Radiation Facility (ESRF, Grenoble, France) with λ = 

0.75003 Å at 294 K. The capillary was rotated during exposure. Continuous scans were made 

from 3.03° to 43.25° 2θ and binned finally at a step size of 0.005°. To obtain reflection 

intensities Xobs (Xobs is defined in expression 1 of Chernyshev and Schenk [30]), a full pattern 

decomposition was carried out using the program MRIA 17 using a split-type pseudo-Voigt 

peak-profile function. 31 It was applied to the 2θ = 3.03-28.03° region resulting in Rp = 7.09%, 

Rwp = 9.85% and GoF = 12.71. The initial molecular model for MP was created by taking 

melaminium (REFCODE ZENWEU: melaminium diperchlorate hydrate) 32 and phosphate 

models (REFCODE ZIDNAB: tetrakis(guanidinium) phosphate chloride dehydrate) 33 from 

the Cambridge Structural Database. 16 ZENWEU melaminium is a dication and was modified 

into a trication. To position both moieties in the asymmetric part of the unit cell, a locally 

modified version of a grid-search procedure 30 was applied to a set of 50 low-order Xobs 

reflections obtained from the full pattern decomposition. Instead of the classical grid-search 
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procedure, 30 a genetic algorithm 34 was used to perform the translational and rotational search 

in the asymmetric unit. In this process the melaminium and phosphate moieties can be 

searched for independently. This procedure resulted in an exceptionally low R(X) = 10.6% 

[R(X) is defined in expression 2 of Chernyshev and Schenk [30]). 

The model found in this way was refined using the Rietveld module of the program 

MRIA 17 using a split-type pseudo-Voigt peak profile function. 31 The preferred orientation 

was refined using the symmetrized-harmonics expansion method. 35 Rietveld refinement was 

applied to the region 2θ = 3.03–40.53°. Initially, (soft) bond-distances restraints were applied 

as well as a small damping factor to improve the convergence of the refinement. At the later 

refinement stages the restraints could be removed completely. Uiso values of identical atom 

types were coupled during the refinement. Plots of observed and calculated X-ray diffraction 

patterns and a difference plot after Rietveld refinement are depicted in Figure 6. 

 

Figure 6. Full range high-resolution synchrotron powder diffraction pattern (λ = 0.75003 Ǻ) 

of MP, showing the experimental pattern (black dots), the calculated pattern after the final 

Rietveld refinement (line) and the difference (experimental–calculated) pattern (bottom line). 
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Markers of all reflections are included. The inserted figure shows the high-angle range of the 

pattern. 

 
CCDC-224290 contains the supplementary crystallographic data for this Chapter. 

These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or 

from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, 

UK; fax: (+44)1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk). 

 

4. Concluding remarks. 

The results presented in this chapter show that, in the absence of suitable single 

crystals, a good structure determination can be obtained from high-resolution powder-

diffraction data using the high intensity of a synchrotron source. 
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Chapter 5 

Structure of Melaminium Dihydrogenpyrophosphate, and Its 

Formation from Melaminium Dihydrogenphosphate Studied with 

Powder-Diffraction Data, Solid-State NMR, and Theoretical 

Calculations 

 

Published in: J. Phys. Chem. 2004, 108, 15069-15076. 

 

Abstract. Melaminium dihydrogenpyrophosphate (bis(2,4,6-triamino-1,3,5-triazinium 

dihydrogenpyrophosphate, MPy), obtained as a crystalline powder by thermal treatment of 

melaminium dihydrogenphosphate (MP), is the first intermediate in the synthesis of 

polymerized melamine phosphates that are used as environmental-friendly flame-retardants. 

The crystal structure of MPy was determined by X-ray powder diffraction and the proposed 

hydrogen-bonding model was corroborated by solid state NMR and periodic DFT 

calculations. A mechanism is proposed for the endothermic dehydration process that takes 

place in the reaction from MP to MPy, in accordance with energy calculations based on the 

optimized crystal structures of MPy and MP. A packing analysis of MPy and other melamine-

containing compounds revealed some typical melamine packing motifs. 

 

1. Introduction 

Melamine salts of phosphoric acid are widely used as additives in polymers to 

improve the latters flame retardancy characteristics. 1-5 In this respect, melamine phosphates 

are considered as promising replacements of halogenated flame retardants, which show 

undesirable side effects such as toxic and corrosive smoke when being burnt. 6  

Large-scale use of melamine phosphates has been hampered by a lack of fundamental 

knowledge of their structural characteristics 1 as until recently only one compound was solved 

from single-crystal data 7 and most melamine phosphates 2,8 are available only as 

microcrystalline powders. In recent years, however, considerable progress has been made 

with the determination of structures of molecular crystals directly from powder-diffraction 

data. 9 In addition solid-state NMR has proven to be well-suited to investigate hydrogen-

bonded systems such as benzoxazine dimers and oligomers. 10-13 Earlier, we have successfully 

employed a combined approach of powder diffraction and solid-state NMR to determine the 
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crystal structure of melaminium dihydrogenphosphate C3H7N6
+•H2PO4

- (from now on 

abbreviated as melamine phosphate; MP) 14,15. In a continuation of this work, we report here 

the structure of melaminium dihydrogenpyrophosphate (C3H7N6
+)2•H2P2O7

2- (from now on 

abbreviated as melamine pyrophosphate; MPy) that is formed when heating MP. On the basis 

of the crystal structure models of MP and MPy the dehydration process that is important for 

understanding the FR's activity 2 will be discussed.  

Based on an analysis of all melamine-containing compounds known to date, the 

melamine-packing motifs in such compounds will be discussed. These packing characteristics 

are expected to be important for future structure determination of melamine-containing 

compounds. 

 

2. Experimental Section 

2.1. Preparation of MPy  

MPy (white crystalline powder) was synthesized by heating MP at 240°C for at least 2 

hours. Preparation of MP is described in Chapter 4. 

 

2.2. X-ray Diffraction.  

An X-ray powder diffraction pattern of MPy was collected at room temperature with 

an Enraf-Nonius FR 552 Guinier Johansson camera equipped with a Johansson 

monochromator 16 and using CuKα1 radiation (λ = 1.54060 Å). The sample was prepared by 

pressing the powder into a thin layer onto Mylar foil and during data collection the sample 

was rotated to improve particle statistics. For the structure determination and initial 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. 

For the stage of the Rietveld refinement, a high-resolution X-ray powder diffraction 

pattern was collected at beamline BM01B of the Swiss-Norwegian CRG at the European 

Synchrotron Radiation Facility (ESRF, Grenoble) with a fixed wavelength of 0.79942 Å at 

room temperature. Data collection was carried out in a continuous scan mode from 1.0 to 

43.0º 2θ using a filled capillary (diameter 1.5 mm) that was rotated during exposure. After 

data collection the data were binned at 0.005º 2θ. 
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2.3. Solid-State NMR Spectroscopy 

Single-pulse 1H MAS solid-state NMR spectra of MP and MPy were obtained at a 

static field of 18.8 T (Varian Unity) and sample spinning frequency of 49.0 kHz on a home-

built probehead based on a Samoson-type 17 magic-angle-spinning (MAS) assembly. The 31P 

cross-polarization magic-angle-spinning (CP-MAS) spectrum was acquired at a static field of 

7.05 T (Chemagnetics Infinity) and a sample spinning frequency of 4.0 kHz with a CP contact 

time of 4 ms. TPPM decoupling18 with a 1H nutation frequency of 100 kHz, pulse durations of 

5.3 µs, and radiofrequency phases of ±40° was used during acquisition. The two-dimensional 
1H-31P heteronuclear correlation spectrum of MPy was obtained at a static field of 7.05 T and 

a sample spinning frequency of 12.0 kHz. Frequency-switched Lee-Goldburg homonuclear 

decoupling 19 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 indirect 1H dimension. The 1H magnetization was 

transferred to 31P using Lee-Goldburg cross-polarization 20 with a duration of 0.5 ms. TPPM 

decoupling 18 with a 1H nutation frequency of 100 kHz, pulse durations of 5 µs and 

radiofrequency phases of ±25° was applied during acquisition. 

 

2.4 Theoretical Calculations 

To validate the hydrogen-bonding model proposed for the MPy structure, periodic 

DFT computations have been carried out with use of the CASTEP code. 21 Keeping the unit 

cell parameters fixed at their experimental values, models with various hydrogen positions 

were optimized with the exchange correlation functional of Perdew, Berke and Ernzerhof 

(PBE) 22 in combination with Vanderbilt ultra-soft pseudopotentials. 23 So-called “medium” 

precision was employed implying an energy cutoff of 300 eV, an SCF tolerance of 2.0 10-6 

eV/atom, a k-point separation of 0.05 Å-1 and geometry convergence tolerances of 2.0 10-5 

eV/atom for the total energy, 0.05 eV/Å for the maximum force, 0.01 GPa for the maximum 

stress and 0.002 Å for the maximum displacement. 

To understand the energy balance of the condensation reaction of MP to MPy, 

OHT
2

-2
7222673

-
42673 OPH)NH(C)POHNH2(C +•→• +∆+ , the energies of MP and MPy 

were calculated by performing optimizations as discussed above using the respective crystal 

structures as starting points. The energy of the (free) water molecule was computed by 

optimizing a single water in a periodic box of 10x10x10 Å3.  
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3. Results 

3.1. Crystal Structure Determination of MPy from Powder X-ray Diffraction Data 

The unit cell was determined with the indexing program ITO 24 (Table 1). For 

indexing, the accurate positions of 48 lines in the interval 2θ = 0.0 – 40.0º were read off from 

the Guinier photograph. A number of weak lines could not be indexed, indicating a small 

amount (1 - 2%) of another crystalline phase. In view of the cell volume, and assuming that 

MPy is crystallized in space group P-1 with Z  = 2, the calculated density is 1.80 g cm-3. This 

value is in good agreement with the density dm = 1.81 g cm-3 as measured at DSM. 

 

Table 1. Crystallographic data of melamine pyrophosphate. 

Crystal Data  Data Collection and Refinement 

formula (C3H7N6
+)2•H2P2O7

2-  data range 4.00≤2θ≤43.00° 

crystal system Triclinic  no. of data points 7800 

space group P-1 (no. 2)  no. of reflections 2220 

Z 2  Temperature (K) 294 

a (Å) 10.89321(2)  GoF 6.71 

b (Å) 11.20792(2)  Rp (%) 3.71 

c (Å) 6.84243(1)  Rwp (%) 4.97 

α (°) 104.969(1)  no. of refined parameters  

β (°) 101.473 (1)  Lattice 6 

γ (°) 83.805(1)  Positional 27 

V (Å3) 789.50 (2)  Thermal 4 

dm/dc (gcm-3) 1.81/1.80  Texture 14 

   Profile 28 

   Background 12 

   zero-shift 1 

 
Structure solution was carried out using the Monte Carlo program Organa. 25 An initial 

molecular model of MPy was built, consisting of the melamine moiety from the crystal 

structure of MP 14 while the pyrophosphate moiety (P2O7
4-) was taken from the crystal 
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structure of guanidinium pyrophosphate monohydrate. 26 Only non-hydrogen atoms were 

considered at this stage. 

The model found by Organa (Rwp ~ 13%) was refined using the Rietveld module of the 

program MRIA 27 using a split-type pseudo-Voigt peak profile function 28 for peaks in the 

range 2θ = 4.00 - 43.00º and modeling the preferred orientation with the March-Dollase 

expression. 29 To avoid distortion of the model, bond restraints as described by Baerlocher 30 

were applied to all interatomic distances up to 3.0 Å (with σ = 1% of the ideal distance). The 

weight cw (see ref. [30], p188) that weighs the residual function of the restraints SR versus the 

Rietveld residual SY was reduced gradually (from the starting value of 691) and at the final 

stages the restraints were completely removed (SY = 0). Uiso values of identical atom types 

were coupled and a small damping was applied during all refinement stages.  

Apart from the hydrogens bonded to the exocyclic nitrogens, assumed to be in the 

usual planar -NH2 conformation, also four other hydrogens had to be positioned to neutralize 

the charge. An analysis of the short intermolecular contacts suggested four possible hydrogen 

bonds, comprising 16 different protonation models. Refinement of any of the hydrogens, even 

those bonded to the exocyclic nitrogens, led to unacceptable hydrogen positions. Therefore, 

all hydrogens had to be calculated and kept at a fixed distance from their carrier. One of the 

hydrogen models, consisting of protonated melamines and dihydrogen pyrophosphate (Figure 

1), was chosen to be the most likely because the H-O bonds did not increase dramatically 

during the refinement.  

Some other arguments concerning the molecular structure of melamine and 

pyrophosphate moieties support the protonation model shown in Figure 1. It seems likely that 

hydrogen H34 is bonded to the endocyclic N5 instead of to O23 because the relatively short 

distance of the P19-O23 (~1.47 Å) suggests a double bond rather than a hydrogen-bonded 

oxygen. Protonation of the endocyclic nitrogen N14 (instead of O26) in the other melamine 

moiety, however, cannot be inferred on the basis of the same argumentation. Nevertheless, 

significant distortions of the melamines suggest that both rings are protonated. In contrast to 

e.g. crystalline melamine 31 but similar as in MP, in MPy the aromatic π-system is distorted 

because of proton transfer from the (pyro)phosphates to one of the endocyclic melamine 

nitrogens. In particular, this leads to a bond length alteration with C-N distances varying in 

the range 1.28-1.47Å. The internal C-N-C bond angles at the protonated endocyclic nitrogens 

are larger than the other two C-N-C angles of the rings by about 3-6°. These differences are 
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due to the steric effect of a lone pair of electrons, consistent with the valence-shell electron-

pair repulsion theory. 32 

For completeness, it is mentioned that a refinement in space group P1 has been carried 

out but this yielded neither significant structural changes nor an improvement of the R-

factors.  

Details of the structure refinement are listed in Table 1, and the refined atomic 

coordinates are given in Table 2. Observed and calculated diffraction patterns show good 

correspondence, even at high 2θ values (Figure 2). 

 

Table 2. Atomic Coordinates and Displacement Factors (in Å2) for melamine pyrophosphate. 

Atom X Y Z Uiso 

N1 0.7113(4) -0.1031(4) 0.2520(7) 0.0248(1) 

N2 1.0277(4) 0.1385(4) 0.2560(7) 0.0248(1) 

N3 0.8688(4) 0.0204(4) 0.2614(8) 0.0248(1) 

N4 0.6521(4) 0.1063(4) 0.2472(7) 0.0248(1) 

N5 0.8202(4) 0.2292(4) 0.2627(8) 0.0248(1) 

N6 0.6251(4) 0.3214(3) 0.2596(7) 0.0248(1) 

C7 0.7527(5) 0.0109(5) 0.2595(10) 0.0203(1) 

C8 0.9062(5) 0.1272(5) 0.2558(9) 0.0203(1) 

C9 0.6846(5) 0.2202(4) 0.2402(10) 0.0203(1) 

N10 0.6185(4) -0.0687(4) 0.7436(7) 0.0248(1) 

N11 0.9275(4) 0.1882(4) 0.7633(8) 0.0248(1) 

N12 0.7720(4) 0.0539(4) 0.7500(7) 0.0248(1) 

N13 0.5663(4) 0.1403(4) 0.7559(7) 0.0248(1) 

N14 0.7320(4) 0.2538(4) 0.7573(7) 0.0248(1) 

N15 0.5211(4) 0.3474(4) 0.7441(7) 0.0248(1) 

C16 0.6475(5) 0.0427(5) 0.7509(10) 0.0203(1) 

C17 0.8111(5) 0.1576(5) 0.7597(9) 0.0203(1) 

C18 0.6003(5) 0.2580(5) 0.7626(10) 0.0203(1) 

P19 0.14764(19) 0.43144(19) 0.7734(4) 0.0383(1) 
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P20 0.24660(18) 0.40223(18) 1.1848(3) 0.0383(1) 

O21 0.1557(3) 0.3709(3) 0.9683(6) 0.0380(1) 

O22 0.0241(4) 0.3862(3) 0.6293(6) 0.0380(1) 

O23 0.1530(3) 0.5666(4) 0.8429(6) 0.0380(1) 

O24 0.2562(3) 0.3569(3) 0.6627(6) 0.0380(1) 

O25 0.3768(3) 0.4117(3) 1.1594(7) 0.0380(1) 

O26 0.1956(3) 0.5299(3) 1.3075(6) 0.0380(1) 

O27 0.2212(4) 0.2948(4) 1.2761(6) 0.0380(1) 

H28 0.766 -0.16949 0.24852 0.0507 

H29 0.62971 -0.11076 0.2506 0.0507 

H30 1.08325 0.07325 0.25995 0.0507 

H31 1.05358 0.21133 0.25218 0.0507 

H32 0.54583 0.32862 0.28273 0.0507 

H33 0.66097 0.38801 0.25062 0.0507 

H34 0.84662 0.31216 0.26392 0.0507 

H35 0.6782 -0.13099 0.7385 0.0507 

H36 0.53882 -0.08313 0.74367 0.0507 

H37 0.99126 0.12993 0.75845 0.0507 

H38 0.94176 0.26698 0.77056 0.0507 

H39 0.43853 0.33661 0.72564 0.0507 

H40 0.54732 0.42181 0.7494 0.0507 

H41 0.76452 0.33348 0.75514 0.0507 

H42 0.23808 0.32203 1.42958 0.0507 

H43 -0.06244 0.41786 0.65333 0.0507 
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Figure 1. Labeling of the atoms 

in the asymmetric part of the 

melamine pyrophosphate unit 

cell. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Synchrotron powder diffraction patterns of melamine pyrophosphate: experimental 

pattern (dots), the final calculated pattern after refinement (line), the calculated background 

and the difference (experimental –calculated) pattern. Reflection positions are marked at the 

top. 
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3.2. Solid-State NMR Characterization 

The hydrogen bonds and single protonation of the melamines as discussed above are 

corroborated by solid-state NMR data. Figures 3A and B show a comparison of the single-

pulse 1H magic-angle-spinning (MAS) solid-state NMR spectra of MP and MPy obtained at 

800 MHz using 49 kHz sample spinning to ensure spectral resolution. 

 

 

Figure 3. (A) Single-pulse 1H MAS solid-state NMR spectrum of MP. (B) Corresponding 

spectrum of MPy. (C) Two-dimensional 1H-31P heteronuclear correlation spectrum of MPy. 

The δ2-axis represents the direct 31P dimension, whereas the δ1-axis represents the indirect 1H 

dimension. Cross peaks indicate close through-space contacts between the corresponding 

nuclei. 
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Chemical shifts >10 ppm indicate protons involved in R-H…O hydrogen bonding. 33 

Assignment of the 1H chemical shifts in MP was done on the basis of 1H-X(31P, 15N, 13C) 

HETCOR experiments as is discussed more extensively elsewhere 15. In the MP spectrum the 

resonance at 13.7 ppm stems from the H atom bonded to an endocyclic N-atom, 14,15 whereas 

the corresponding resonance (13.1 ppm) in the MPy spectrum is only slightly shifted. In the 

MP spectrum the resonances at 11.1 and 13.2 ppm result from the H atoms bonded to the 

phosphate oxygen atoms, whilst in the MPy spectrum, due to the condensation, only one of 

these resonances remains. This line is shifted considerably to 14.5 ppm, indicating a stronger 

hydrogen-bonded network between the pyrophosphates in MPy in comparison with the 

orthophosphates in MP. 33 The two peaks at 13.1 and 14.5 ppm in the MPy spectrum appear in 

an intensity ratio of 1:1, establishing that the same number of H atoms is bonded to phosphate 

oxygen atoms as to endocyclic N-atoms. The resonances of the exocyclic NH2 groups appear 

in both the MP and MPy spectrum 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, 

although more detailed conclusions cannot be drawn. DFT calculations of proton chemical 

shifts could provide a deeper insight and are under investigation. 

The phosphorus spectrum of MPy contains two resonances from apparently 

inequivalent phosphorus sites. The two-dimensional 1H-31P heteronuclear correlation 

spectrum of MPy (Figure 3C) reveals that both 31P resonances show strong cross peaks with 

the 1H resonance at 14.5 ppm, on the basis of which we can assign this proton resonance to 

two H atoms bonded to two phosphate oxygen atoms in the pyrophosphate. The cross peaks to 

the 1H resonances at 13.1 ppm and 4-10 ppm are much weaker, in line with their assignment 

to the endocyclic NH and exocyclic NH2 groups respectively. Finally, Figure 4 shows the 31P 

cross-polarization (CP) MAS spectrum of MPy at 4 kHz sample spinning frequency. A 

Herzfeld-Berger analysis 34 of the sideband pattern for the two inequivalent phosphorus sites 

in MPy results in chemical shift anisotropies of (δ11, δ22, δ33) = (65, -8, -86) ±2 ppm and (67, -

11, -91) ±2 ppm, which are in good agreement with literature data for dihydrogen 

pyrophosphate salts, further substantiating the assignments. 35,36 

The 13C CP-MAS spectrum of MPy (not shown here) shows two resonances (2:1) 

identical to the 13C spectrum of MP, 14,15 leading to the conclusion that the carbon atoms in 

the melamine ring are inequivalent, in line with protonation of one endocyclic nitrogen per 

melamine, thus leaving the protonation scheme from MP to MPy unchanged. 

Although the achieved 1H spectral resolution is remarkable for powder samples 

containing a dense proton network, the relatively broad line width is attributed to residual 



Chapter 5 

 67

dipolar couplings 11. As a result we cannot draw conclusions about the presence of chemical 

shift dispersions caused by local disorder or amorphous fractions on the basis of the proton 

spectra. In contrast, the 13C and 31P MAS spectra are well defined with relatively narrow lines. 

From this we conclude that the samples are highly crystalline and do not contain large 

quantities of amorphous fractions as is corroborated by the X-ray diffraction results. The 31P 

NMR spectra, however, do show the presence of impurities in the samples. 

 

Figure 4. 31P CP-MAS spectrum of MPy. The centerband and sidebands of the two 

inequivalent phosphorus sites in MPy are labeled (MPy) and (**) respectively. In addition the 

sample contains a fraction of an amorphous orthophosphate compound, for which the 

centerband and sidebands are labeled (AOP) and (#) respectively. 
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3.3. Theoretical Calculations 

Additional support for the model of MPy presented here is also provided by quantum 

mechanical periodic DFT calculations. After optimization of the MPy geometry with various 

positions of hydrogen atoms, all models had both melamine moieties single protonated. The 

DFT calculations did not allow to identify uniquely the position of hydrogen atoms at the 

pyrophosphate moieties (energy differences of only 1.09 kcal/mol). Still, the lowest total 

energy was found for the MPy model proposed here. The optimized structure is also in very 

good agreement with the X-ray model (RMS of only 0.15 Å). 

 

4. Discussion 

4.1. MPy Crystal Structure.  

The crystal structure of MPy consists of infinite chains of melamine cations and 

pyrophosphate anions with all molecules taking part in a vast hydrogen-bonded network 

(Figure 5). Within the cation chains adjacent melamine moieties are linked by means of side-

by-side pairs of N-H…N hydrogen bonds (N…N ~ 2.90-3.09 Å) forming infinite chains 

(Figure 8A) with all molecules lying in one plane. The chains are parallel to the ab plane and 

stacked along the c axis forming parallel melamine sheets with an interlayer distance of 3.25 

Å, which is shorter than the usual distance between π-aromatic ring systems (~3.4 Å) 37 and 

indicates π-π interactions between the melamines. The melamine chains are crosslinked in the 

b direction and coupled in the c direction by pyrophosphate anions. The two phosphorous 

groups of the pyrophosphate anion are bonded to melaminium cations in different ways, as 

confirmed by NMR results (see above). For instance, oxygen O23 is at a hydrogen-bonding 

distance from the endocyclic nitrogen N5, and also has a weaker bond to the exocyclic N6 of 

the same melamine moiety (Figure 6A). The oxygen O26 in the other phosphorous group 

(Figure 6B) is hydrogen-bonded to the endocyclic N14 but it has no significant hydrogen 

bonds to exocyclic nitrogens. Instead, the oxygen O25 of this phosphorous group forms a 

hydrogen bond with the exocyclic nitrogen N15 of the same melamine moiety.  

Every pyrophosphate moiety in MPy participates in two hydrogen bonds with 

neighboring anions as donor and in two bonds as acceptor (Figure 7B). Through these 

interactions the pyrophosphates form pairs of infinite chains with donor-acceptor O...O 

distances ~2.52Å and ~2.55Å along and between the chains, respectively, indicating a quite 

strong hydrogen-bonding system as confirmed by the high 1H chemical shifts for these 

protons. In MPy, as in MP, each phosphate moiety participates in four hydrogen bonds with 

other phosphates. In MPy the bonds are slightly shorter, indicating stronger interaction 
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between pyrophosphates and being consistent with the increased 1H chemical shifts of the H 

atoms bonded to the phosphate oxygen atoms (see above). 

Figure 5. Crystal packing of MPy with the c axis perpendicular to the plane of the paper (A) 

and with the a axis perpendicular to the plane of the paper (B) and their corresponding views 

of MP shown in the insets. 

Figure 6. Hydrogen bonds between melamines and the two phosphate groups of the 

pyrophosphate moiety in MPy. 
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4.2. From MP to MPy 

Both compounds consist of melamine sheets crosslinked in a similar manner by pairs 

of (pyro)phosphate chains, revealing that the condensation reaction proceeds along the chains, 

whilst in principle this reaction could proceed in either an intra-chain or an inter-chain 

manner, see Figure 7.  

 

Figure 7.  Pairs of phosphate chains in MP (A) and pyrophosphate chains in MPy (B). In the 

reaction from MP to MPy, the fragments marked by the solid line in (A) become those 

marked in (B). The conformation of the phosphate groups marked "1" change hardly in the 

reaction MP → MPy. In (A) the subscripts _a, _c and _ca correspond to the symmetry 

operations x,y,1+z,   –x,1-y,1-z  and –x,1-y,2-z respectively and in (B) _p and _s correspond 

to x,y,1+z and –x,1-y,2-z respectively. 

 

Within the sheets, melamine molecules in MP and MPy bind in the same way, forming 

similar infinite chains (Figure 8A). However, the stacking of melamine sheets in these 
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compounds is different. While in MPy all melamines in a sheet lie in the same plane, in MP 

pairs of neighboring melamine molecules do not lie in the same plane, but in parallel planes at 

close distance (0.79 Å) and being slightly tilted with respect to the plane of the sheet. The 

stacking distance between melamines from neighboring sheets in MPy (~ 3.25 Å) is 

significantly smaller than that in MP (~ 3.42 Å). The orientation of melamine sheets with 

respect to (pyro)phosphate chains direction is also slightly different in MP and MPy.  

Thus, in the reaction from MP to MPy the melamine sheets re-orient with respect to 

(pyro)phosphate chains, resulting in a molecular arrangement with all the melamines in a 

sheet lying in the same plane and with a decreased stacking distance between melamines in 

neighboring sheets. 

The bonding of one of the phosphorous groups of pyrophosphate in MPy to the 

melamines (Figure 6B) is similar to that of one of the phosphates in MP, i.e. half of the 

phosphates in MP more or less retained their conformation in MPy. These orthophosphates in 

MP are marked as 1 in figure 7A (corresponding phosphorous groups in MPy are marked in 

the same way). The other half of the phosphates in MP, marked by 2 in figure 7A, seems to 

have undergone a considerable re-arrangement, with one of the P-O bonds being broken to 

form a P-O-P bridge, but from the crystal structural data the precise rearrangement 

mechanism cannot be established. 

On the basis of differential scanning calorimetry measurements it was established that 

the condensation of MP leading to formation of MPy is a strongly endothermic reaction. 

Energy calculations (see details in the experimental section) confirmed that in the crystal 

environment of MPy a single pyrophosphate unit plus a free water molecule have much 

higher energy  (~ 23.6 kcal/mol) than two orthophosphates in the crystal of MP. Nevertheless, 

this energy is about a factor two lower than calculated for a condensation reaction in the gas 

phase (~ 45- 55 kcal/mol 38,39), implying that the effect of Coulomb repulsion between 

negatively charged phosphorous groups of pyrophosphate dianion moieties 38-40 is partially 

compensated by crystalline packing effects, e. g. melamine-phosphate bonding. 

 

4.3. Common Packing Characteristics of Melamine-containing Compounds 

The melamine packing in MPy is quite common for melamine complexes and salts. 

While in pure melamine 31 each melamine molecule binds through two hydrogen bonds to 

three neighbors, leading to a complex three-dimensional melamine network, in the presence 

of other moieties melamine shows a typical tendency to self-assemble via double hydrogen 

bonds (N…N ~ 3 Å) into infinite chains or ‘ribbons’, stacked parallel to each other because of 
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π-π stacking effects. 7,14,41-50 In these ribbons each melamine molecule is bonded to two 

melamine neighbors only because one of melamine's endocyclic nitrogens is hydrogen 

bonded to one of the other structural moieties, and therefore not available for hydrogen 

bonding to another (third) melamine. A literature search revealed that almost all melamine 

ribbons consist of an infinite stacking of one of three triple-melamine motifs (A, B or C; 

Figure 8) only. The sole exception to date has a bonded A-B as its stacking motif. 48 

Apparently, the three types of ribbons found are efficient packings in which the number of 

inequivalent melamine moieties in the unit cell is minimized, although within each ribbon 

type variations of the shape occur such as inclined neighboring melamine molecules, 41 or 

pairs of neighboring melamines being parallel but shifted with respect to each other as in MP, 

9 or all molecules being parallel and lying in one plane like in MPy. 

The melamine phosphates solved to date (MPy, MP, 14 M6P5(H2O)4
 7) suggest that 

melamine ribbons are likely to be present in other melamine phosphate compounds that have 

a melamine-to-phosphorous ratio ≥ 1 because each melamine in a ribbon has still one 

endocyclic nitrogen available for bonding and can easily accommodate one (ortho)phosphate. 

Consequently, lowering the melamine level implies a reduction of the chance that melamines 

will be able to assemble in double-hydrogen-bonded ribbons because of the increased 

competition with other non-melamine moieties. 46 This knowledge of melamine ordering 

motifs is expected to be helpful for the structure prediction of melamine phosphates in 

general.8 
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Figure 8. Three possible variants of the double hydrogen bonding system between 

melamines. From these schemes infinite melamine ribbons can be formed. 

5. Summary 

In conclusion, we characterized the crystal structure of MPy and discussed the 

structural changes that occur during the dehydration reaction MP → MPy. Also, the typical 

melamine packing in melamine complexes and salts was discussed. Further research into 

higher temperature condensation products of MPy and into the kinetics of these condensation 

reactions is in progress.  
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Chapter 6 

Structural Analysis of a Melaminium Polyphosphate from X-ray 

Powder-Diffraction and Solid-State NMR Data 

 

Submitted for publication. 

 

Abstract. The crystal structure of the environmental-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 take 

place in the reaction path MP → MPy → 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  

 

1. Introduction 

Most polymers that are widely used in industry and consumer products are not 

intrinsically flame retardant and burn completely after catching fire. An efficient and cheap 

way to reduce their flammability is to admix flame retardants. During the last years a large 

interest has arisen in melamine-phosphate-based flame retardants (MPBFR’s). 1-8 These non-

hazardous and environmental-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.  

MPBFR’s 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, due to hydrogen transfer from a phosphate. 
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MPBFR’s are polycrystalline materials with a high thermal stability and a very low 

solubility in water and organic solvents. 2,3 They are admixed in many industrial and 

consumer products that require protection against fire, e.g. plastics 1,6 and coatings. 3 

MPBFR’s 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 MPBFR’s and the role of the individual 

components therein have not been clarified completely.  

Flame-retardant activity of MPBFR’s such as melaminium orthophosphate (MP), 1-3,9 

melaminium dihydrogenpyrophosphate (MPy) 1-3,8,9 and 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 [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 MP 15 and MPy 16 (see Chapters 4 and 5 

respectively) using the above-mentioned techniques and density-functional calculations.  Here 

we report the structure of the melamine polyphosphate MPoly (degree of polymerization  > 

100). 

In order 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 MP → MPy → MPoly that is important to understand the flame-retardant 

activity. 1  

 

2. Experimental Section 

2.1. 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 in [16]. 

MPoly (white crystalline powder) was synthesized through thermal curing of MPy for 3 hours 
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at 280 ºC., which resulted in a batch of 0.5 kg MPoly from which various samples were taken. 

The samples originating from this batch showed significantly 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. In spite of 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. 

 

2.2. 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 

monochromator 17 and using CuKα1 radiation (λ = 1.54060 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 – 42.0º 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 Organa 19 (see also Chapter 3) 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 program GSAS. 20 The peaks in the 

range 2θ = 6.49-80.35º were fitted with a split-type pseudo-Voigt peak-profile function. 21,22 

The background was modelled 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 parameters Uiso of identical atom types were coupled and a small 

damping was applied during all refinement stages. The Uiso of hydrogen atoms were not 

refined. 
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In order to avoid distortion of the model, in the refinement process each bond length 

and bond angle in the molecule was 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 [24]). Distance and angle restraints were obtained by averaging the 

corresponding quantities in the structures of polyphosphate salts 25-31, MP15, Mpy16 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 factor f = 1000, 

expression 1 of [24]) were gradually reduced to soft restraints (f=5) in the final refinement. 

 

2.3. Solid-State NMR Spectroscopy 

 Single-pulse 1H 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 

homebuilt probehead based on a Samoson 33 type magic-angle-spinning (MAS) assembly. 

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 with 1H nutation 

frequency of 100 kHz was used during acquisition at 4 kHz spinning, whilst TPPM 

decoupling 34 with a 1H nutation frequency of 100 kHz, pulse durations of 4.8 µs and 

radiofrequency phases of ±12° was used during acquisition at 12 kHz spinning. The two-

dimensional 1H-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 decoupling 35 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 indirect 1H dimension. The 
1H magnetization was transferred to 31P using Lee-Goldburg cross-polarization 36 with a 

duration of 0.2 ms. TPPM decoupling with a 1H nutation frequency of 100 kHz was applied 

during acquisition. The pulse durations and radiofrequency pulses for TPPM were given by (5 

µs, ±30°) and (5.4 µs, ±15°) for the MPoly and MP sample respectively. The 31P 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 

experimental conditions by a 31P saturation recovery MAS experiment.  
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3. Results and Discussion 

3.1. X-ray analysis and structure determination of MPoly 

The indexing of the XRPD pattern by the program ITO 18 yielded a monoclinic unit 

cell (Table 1) and two possible space groups, C2/c or Cc. In spite of 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 non-indexed peaks in both samples were the same. However, the relative 

intensities of the non-indexed 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 group Cc was chosen because its symmetry 

elements are a subset of those of C2/c. In accordance with this choice, two melamine moieties 

and one 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 the Rw 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 

the Rw factor became ~10% for 101 low-angle reflections (resolution ~ 2.0 Å).  

After finishing the refinement in Cc, a check for possible missing symmetry with 

indicated that the symmetry should be changed to C2/c. After this, a final refinement has been 

carried out in C2/c. 

In addition to the hydrogens bonded to the exocyclic nitrogens, assumed to be in the 

usual planar -NH2 conformation, also one other hydrogen had to be positioned in C2/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 
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listed in Table 3. Observed and calculated diffraction patterns show a good correspondence, 

even at high 2θ values (Figure 2). 

 

Table 1. Crystallographic data of MPoly. 

* In parentheses values of R-factors with subtracted background are given 

 

Table 2. Atomic coordinates and isotropic displacement parameters Uiso (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) 

Crystal Data  Data Collection and Refinement 

Formula C3H7N6
+•PO3

-  data range 6.49≤2θ≤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)* 

C (Å) 22.2410(5)  Rwp (%) 9.00 (7.48)* 

α (°) 90.  no. of refined parameters  

β (°) 98.9963(15)  Lattice 4 

γ (°) 90.  Positional 60 

V (Å3) 1531.79(6)  Thermal 4 

dm/dc (gcm-3) 1.82/1.78  Texture 15 

   Profile 10 

   Background 14 

   zero-shift 1 
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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, º).  

Donor --- H....Acceptor D - H H...A D...A D - H...A 
N1   -- H14 .. O12i 
N2   -- H16 .. O13ii 
N2   -- H17 .. O12iii 
N5   -- H18 .. O13iv 
N6   -- H19 .. N4 v 
N6   -- H20 .. O11vi 

0.861(4) 
0.860(4) 
0.860(4) 
0.861(4) 
0.860(4) 
0.860(4) 

2.203(5) 
2.229(7) 
2.112(6) 
1.923(7) 
2.084(7) 
2.320(7) 

2.875(5) 
2.884(6) 
2.943(6) 
2.682(7) 
2.939(7) 
3.156(7) 

134.7(4) 
132.9(6) 
162.5(4) 
146.4(5) 
172.9(4) 
164.4(5) 

 

* Symmetry codes: (i) -1+x,2-y,-1/2+z; (ii) 1-x,2+y,1/2-z; (iii) 1-x,3+y,1/2-z; (iv) -1+x,2+y,z; 

(v) -1/2-x,7/2-y,-z; (vi) 1/2-x,3/2+y,1/2-z. 
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Figure 1. Labeling of the atoms in the asymmetric part of the unit cell of MPoly. 

 

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 –calculated) pattern (line at the bottom) and the positions of the reflections 

(vertical lines). 
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3.2. Solid State NMR Characterization 

The single protonation of the melamines as discussed above is corroborated by solid-

state NMR data. Figures 3(a)-(c) show 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 800 MHz), using 49 kHz sample spinning to ensure spectral 

resolution.  

Chemical shifts >10 ppm indicate protons involved in R-H…O hydrogen bonding. 37 

Assignment of the 1H chemical shifts in MP was done on the basis of 1H-X(31P, 15N, 13C) 

HETCOR experiments as is discussed more extensively elsewhere. 38 In the MP spectrum the 

resonance at 13.7 ppm stems from the H atom bonded to an endocyclic N-atom, 15,38 whereas 

the corresponding resonances in the MPy and MPoly spectra are only slightly shifted to 13.1 

ppm 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. Due to 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. DFT calculations of proton 

chemical shifts could provide a deeper insight and are under investigation. 

Figure 4 shows single-pulse 31P 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 

groups in the middle of the polyphosphate chain in Mpoly. The splitting results from the 

0=n  rotational resonance between adjacent phosphate units. The small resonance at –12.2 

ppm (marked ‘end’) originates from the chain ends of the polyphosphate 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 the 31P spectrum stem from 

orthophosphates present in the sample. Figures 4(a) and (b) show this spectral range for two 

MPoly samples in closer detail. At least two components at 0 ppm 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 
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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 a high mobility of this 

orthophosphate component. 

Figure 6(a) shows the experimental results of a 31P saturation recovery experiment for 

the polyphosphate resonance in MPoly. The 31P signal intensity as a function of the recovery 

time τ shows strong nonexponential behavior, i. e. is described by a distribution of T1 

relaxation time constants. Therefore a Kohlrausch-Williams-Watts stretched exponential 

function 39,40 was chosen to fit the data: 

( ){ }( )β
ττ 1

~
exp1)( Taf −−= ,                                                                                   (1) 

The parameter 1

~
T  is the time constant for the nonexponential longitudinal relaxation, β is the 

stretch parameter (with 10 ≤≤ β ) and a is an overall scaling constant. It is possible to obtain 

the average value of the longitudinal relaxation time constant, 1T , without knowing the 

distribution function of the individual T1 using 40 

( )β
β

1
~

1
1 Γ=

T
T ,                                                                                                    (2) 

)(αΓ is the gamma function. 41 We obtained a value of 1T = 837 ±24 s. The stretch 

parameter β is given by 0.75 ±0.01, which is most likely caused by the spread in chainlengths 

in the MPoly sample.  

Figures 6(b) and (c) show the experimental results of saturation recovery experiments 

for the orthophosphate components in MPoly and of MP, respectively. Since a sum of two 

exponential functions could not describe the experimental data in Figure 6(b) satisfactory, a 

sum of three exponential functions was used for fitting, as indicated in the figure caption, 

resulting in longitudinal relaxation times of 0.31 ±0.03 s, 44 ±34 s and 604 ±160 s for the 

orthophosphate components in MPoly. As a comparison, in Figure 6(c) the results for MP are 

shown, which could be described satisfactory using a single exponential function, resulting in 

a T1 value of 1362 ±60 s. This is considerably larger than for the orthosphosphate components 

in MPoly. In addition, the two-dimensional 1H-31P heteronuclear correlation spectrum of 

MPoly (Figure 7(b)) shows cross peaks of the 31P 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 7(c) shows the corresponding slice of a 

two-dimensional 1H-31P heteronuclear correlation spectrum of MP. The conclusion is that the 

orthosphosphate components in the MPoly samples do not consist of MP. We attribute the 
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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 non-

crystalline phase of orthophosphate(s) with a higher mobility. Both orthophosphate phase 

components could stem from phosphoric acid (crystalline and non-crystalline), 42 e.g. 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 oC and 280 oC for about 4 h did not produce 

more orthophosphates but nearly all of the orthophosphate impurities condensed. In 31P 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. 
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Figure 3. (a) Single-pulse 1H MAS solid-state NMR spectrum of MP. (b), (c) corresponding 

spectra of MPy and MPoly.  
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Figure 4. Single pulse 31P MAS solid-state NMR spectra of two MPoly samples from the 

same batch: (A) first sample, (B) and (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. Sidebands are labeled with (*). For the interpretation of ‘mid’ and 

‘end’, see the main text.  
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Figure 5. 31P CP-MAS spectra of MPoly at a spinning frequency of (A) 4 kHz and (B) 12 

kHz. In (A) the centerband and sidebands 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 centerband and sidebands are labeled (OP) and (#), respectively. 
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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, (b) the orthophosphate sites in 

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 Equation (1) with ),
~

( 1 βT = (704 ±18 s, 0.75 ±0.01). (b) Sum of three exponential 

functions: ( )∑
=

−−=
3

1

)(
1

)( }/exp{1)(
k

kk Taf ττ  with ( )1(
1T , )1(a ) = (0.31 ±0.03 s, 0.37 ±0.01), 

( )2(
1T , )2(a ) = (44 ±34 s , 0.17 ±0.06) and ( )3(

1T , )3(a ) = (604 ±160 s , 0.46 ±0.07). (c) Single 

exponential function: ( )}/exp{1)( 1Taf ττ −−=  with T1 = 1362 ±60 s. 
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Figure 7. (A) Single-pulse 1H MAS solid-state NMR spectrum of MPoly. (B) Two-

dimensional 1H-31P heteronuclear correlation spectrum of MPoly and integrated slices of the 

MPoly (upper slice) and orthophosphate 31P (lower slice) resonances. (C) Integrated slice of 

the two-dimensional 1H-31P heteronuclear correlation spectrum of MP. 38  
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3.3. 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 N-H…N hydrogen bonds 

(N…N ~ 2.89 Å) 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 between π-aromatic ring 

systems (~3.4 Å) 43 and indicates π - π interactions between the melamines. 

 

 

Figure 8. Schematic representation of the crystal packing of MPoly (A) and its projection on 

the plane perpendicular to phosphate chains direction (B). 
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Melamine's internal C-N-C angle at the protonated endocyclic nitrogen (N5) is 

significantly larger (~118°) than the other two C-N-C angles (mean ~115°). This difference is 

characteristic for all known melamine salts with single-protonated melamine moieties 15,16,44 

and 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 the b axis. 

Rather typical for melamine phosphates, 15,16,44 one of the two terminal oxygens of each PO3 

group participates in a O-…H-N+ ionic hydrogen bond with an endocyclic nitrogen of the 

neighboring melamine moiety while the oxygen in the P-O-P bridge forms a second hydrogen 

bond with a 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 N-H2…O hydrogen bonds must be very weak. 

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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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 

requirements set by cations. (see [25-31,46] 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 

angle (134.2°) are also in a good agreement with those usually found in polyphosphate anions. 
25-31,46 

Figure 5 shows the 31P CP MAS spectra of MPoly at two different sample spinning 

frequencies, (a) 4 kHz and (b) 12kHz. A Herzfeld-Berger analysis 47 of the sideband pattern in 

Figure 6(a) 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 as 0=n  rotational resonance. 49,50 This effect has been used to study 

CSA tensors, dipolar and J couplings in isolated 31P-31P spin pairs. 51,52 As a result of the 

0=n  rotational resonance between two adjacent phosphorus sites inside the polyphosphate 

chain, a splitting can be observed in the MPoly spectrum in Figure 6(b), obtained at 12 kHz 

spinning, which is due to the homonuclear dipolar coupling. Numerical simulation of the 31P 

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 [25-31,46] and references 

therein). Ammonium polyphosphate46 is also used in flame-retardant applications 3 and its 

polyphosphate 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 copolyphosphate were synthesized, claimed to have a superior 

thermal stability during the processing of polymers compared to the pure components. 53 
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3.4. Structural changes along the condensation route MP - MPy – 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 ribbons 16 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 → MPoly is not a simple intrachain 

process, as in MP → MPy, 16 but a significant re-arrangement 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).   

 

Figure 10. Pairs of phosphate chains in MP (A), pairs of pyrophosphate chains in MPy (B) 

and an infinite chain of phosphates in MPoly (C). 

 

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 

phosphorous atoms in two neighboring pyrophosphates in the same phosphate chain is ~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 MP → MPy, would 
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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 strong 

π-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 Å, 3.25 Å and 3.31 Å in 

MP, MPy and MPoly respectively, shows the same trend as the change in density of the 

compounds (1.71 g cm-3, 1.81 g cm-3 and 1.78 g cm-3) although this may be a coincidence.  

 

Figure 11. The crystal structure of MPy with the a axis perpendicular to the plane of the 

paper. The distances between melamine layers (3.25 Å), the distance between two closest 

phosphorous atoms in two neighboring pyrophosphates (4.28 Å) and the distance between two 

phosphorous atoms of one pyrophosphate moiety (2.91 Å) are marked. The two arrows 

indicate the direction of melamine layer compression required in case of intrachain 

polymerization 
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3.5. Method of MPoly preparation and its structural characteristics 

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. 

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 polymethaphosphates with a predefined direction.  

 
4. Summary 

Upon condensation of MP to MPoly (via MPy) the phosphates form layers of 

polyphosphate anion chains. The melamine cations form hydrogen-bonded ribbons with all 

molecules being parallel within one layer. The π - 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 MPy → MPoly is not a simple intrachain process, as in 

MP → MPy, but a significant re-arrangement 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.  

 

The authors acknowledge E.J. Sonneveld for his help in data collection and indexing, 

They also thank Dr. R.B. Helmholdt, Dr. D.J.A. De Ridder, Dr. V. M. Litvinov, Dr. B. 

Coussens, Dr. A. Braam and Drs. K. Goubitz for useful discussions, DSM for the sample 

preparation and the density measurements of MPoly. This work was supported by DSM 

(Geleen, The Netherlands), Ciba Speciality Chemicals (Basel, Switzerland) and the 

Netherlands Foundation for Scientific Research (NWO). 



Chapter 6 

 99

References 

(1) Jahromi, Sh.; Gabriëlse, W.; Braam, A. Polymer 2003, 44, 25. 

(2) Cichy, B.; Luczkowska, D.; Nowak, M.; Wladya-Przybylak, M. Ind. Eng. Chem. Res. 

2003, 42, 2897. 

(3) Weil, E.; McSwigan, B. J. Coat. Tech. 1994, 66, 75. 

(4) Suzuki, K.; Shishido, K; Shindo, M. United States Patent 6,008, 349 1999 

(5) Kersjes, J.G.; Kierkels, R.H.M. a) Patent PCT/NL/99/00426 1999; b) Patent WO 

00/02869 2000; c) Patent US 6,653,474 B1 2003. 

(6) Horacek, H.; Pieh, S. Polym. Int. 2000, 49, 1106. 

(7) Chen, W. Y.; Wang, Y. Z.; Chang, F.C. J. Appl. Pol. Sci. 2004, 92(2) 892. 

(8) Kasowski, R.V. US Patent . US 6,268,494  B1 2001. 

(9) Zhu, W.; Weil, E.D; Mukhopadhyay, S. J. Appl. Polym. Sci. 1996, 62, 2267. 

(10) Harris, K., D., M. Cryst. Growth Des. 2003, 3(6), 887. 

(11) Schnell, I.; Brown, S. P.; Low, H. Y.; Ishida, H.; Spiess, H. W. J. Am. Chem. Soc. 1998, 

120(45), 11784. 

(12) Brown, S. P.; Spiess, H. W. Chem. Rev. 2001, 101(12), 4125. 

(13) Goward, G. R.; Schnell, I.; Brown, S. P.; Spiess, H. W.; Kim, H.-D.; Ishida, H. Magn. 

Reson. Chem. 2001, 39(S1), S5. 

(14) Goward, G. R.; Sebastiani, D.; Schnell, I.; Spiess, H. W.; Kim, H.-D.; Ishida, H. J. Am. 

Chem. Soc. 2003, 125(19), 5792. 

(15) De Ridder, D.J.A.; Goubitz, K.; Brodski, V.; Peschar, R; Schenk, H. Helv. Chim. Acta, 

2004, 87, 1894-1904. 

(16) Brodski, V.; Peschar, R.; Schenk, H.; Brinkmann, A.; van Eck, E.R.H.; Kentgens, 

A.P.M., Coussens, B; Braam, A. J. Phys. Chem. 2004, 108, 15069-15076. 



Chapter 6 

 100

(17) Roberts, B.; Parrish, W. International Tables for Crystallography, Vol III, edited by C.H. 

MacGillavry & G.D. Rieck, Birmingham: Kynoch Press, 73-88, 1962. 

(18) Visser, J.W. J. Appl. Cryst. 1969, 2, 89. 

(19) Brodski, V.; Peschar, R.; Schenk, H. J. Appl. Cryst. 2003, 36, 239. 

(20) Larson, A.C.; Von Dreele, R. B. General Structure Analysis System (GSAS). Report 

LAUR 86-748 Los Alamos National Laboratory, NM 87545, USA, 1994. 

(21) Van Laar, B.; Yelon, W.B. J. Appl. Cryst. 1984,17, 47. 

(22) Finger, L.W.; Cox, D.E.; Jephcoat, A.P. J. Appl. Cryst. 1994, 27, 892. 

(23) Von Dreele, R.B. J. Appl. Cryst. 1997, 30, 517. 

(24) Nowell, H.; Attfield, J. P.; Cole, J. C., Acta Crys. Sect. B. 2002, 58, 835. 

(25) Jaouadi, K.; Naili, H.; Zouari, N.; Mhiri, T.; Daoud, A. J. All. Comp. 2003, 354, 104. 

(26) El Abiad, A.E.; Es-Sakhi, B.; Mesnaoui, M.; Maazaz, M.; Belharouak, I.; Gravereau, P.; 

Parent, C.; Wallez, G.; Le Flem, G. J. Solid State Chem. 2000, 154, 584. 

(27) Graia, M.; Driss, A; Jouini, T. Solid State Sci. 2003, 5, 393. 

(28) Aouad, H.; Maazaz, M.; Belharouak, I. Mat. Res. Bull. 2000, 35, 2457. 

(29) Murashova, E.V.; Chudinova, N.N. Cryst. Reports. 2001, 46(6), 942. 

(30) Murashova, E.V.; Chudinova, N.N. Inorg. Mat. 2000, 36(12), 1512. 

(31) Bruhne, B.; Jansen, M. Z. Anorg. Allgem. Chem. 1994, 620(5), 931. 

(32) Allen, F. H.; Kennard, O. Chem. Des. Autom. News 1993, 8, 31. 

(33) Samoson, A, in Encyclopedia of NMR. Vol 9: Advances in NMR 2002, 59. 

(34) Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin, R, G. J. Chem. Phys. 

1995, 103, 6951. 

(35) Bielecki, A.; Kolbert, A. C.; Levitt, M. H. Chem. Phys. Lett. 1989, 155, 341. 

(36) Ramamoorthy, A.; Wu, C. H.; Opella, S. J. J. Mag. Res. 1999, 140, 131. 



Chapter 6 

 101

(37) Harris, R. K.; Jackson, P.; Merwin, L. H.; Say, B. J.; Hagele, G. J. Chem. Soc. Farad. 

Trans. 1988, 84, 3649. 

(38) Brinkmann, A.; van Eck, E. R. H.; Kentgens, A. P. M. in manuscript 

(39) Narayanan, A.; Hartman, J. S.; Bain, A. D. J. Magn. Reson. A 1995, 112, 58. 

(40) Laviolette, M.; Auger, M.; Désilets, S. Macromolecules 1999, 32, 1602. 

(41) Mathews, J; Walker, R. L. Mathematical Methods of Physics, Addison-Wesley, New 

York, 1970. 

(42) Blessing, R. H. Acta Cryst. Sect. B 1988, 44, 334. 

(43) Pauling, L. The Nature of the Chemical Bond, 3rd ed., Ithaca: Cornell University Press, 

p. 262, 1960. 

(44) Janczak, J.; Perpétuo, G. J. Acta Cryst. Sect C 2002, 58, o455. 

(45) Gillespie R.J. a) J. Chem. Educ. 1963, 40, 295; b) Chem. Soc. Rev. 1992, 21, 59. 

(46) Bagiec-Beucher, M.; Guitel, J.-C. Z. Anorg. Chem., 1988, 559, 123. 

(47) Herzfeld, J.; Berger, A. E., J. Chem. Phys. 1980, 73, 6021. 

(48) Duncan, T. M. A Compilation of Chemical Shift Anisotropies, Farragut Press, Chicago, 

1990. 

(49) Maricq, M. M.; Waugh, J. S. J. Chem. Phys. 1979, 70, 3300. 

(50) Dusold, S.; Sebald, A. Ann. Rep. NMR Spectrosc. 2000, 41, 185.  

(51) Dusold, S.; Klaus, E.; Sebald, A.; Bak, M.; Nielsen, N. C. J. Am. Chem. Soc. 1997, 119, 

7121. 

(52) Dusold, S.; Milius, W.; Sebald, A. J. Magn. Reson. 1998, 135, 500. 

(53) Kierkels, R.H.M.; Aelmans, N.J.J.; Grolleman, P.H.C.; Braam, A.W.M. International 

patent application. WO 03/031417 A1, 2003. 

 

 



Chapter 6 

 102

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 7 

 103

Chapter 7 

The Structure of Tetrakis(melaminium) Bis(dihydrogenphosphate) 

Monohydrogenphosphate Trihydrate from X-ray Powder-

Diffraction and Solid-State NMR Data and Its Implication for 

Flame-Retardant Applications 

 

In manuscript 

 

Abstract. The crystal structure of the melamine phosphate salt tetrakis(melaminium) 

bis(dihydrogenphosphate) monohydrogenphosphate trihydrate with as much as ten 

independent moieties in the unit cell was determined by a direct-space global optimization 

technique from X-ray powder diffraction data. The structure analysis of this compound and its 

comparison with other melamine phosphates reveals packing and bonding characteristics that 

are important for melamine-phosphate salts with a melamine-to-phosphor ratio larger than 

one, which are promising environmental-friendly flame retardants. 

1. Introduction 

Single-crystal X-ray diffraction is the most common technique to obtain a three-

dimensional structural model that can be used in material research. When it is impossible to 

grow crystals that are large enough and of appropriate quality to perform single-crystal X-ray 

experiments, structure determination using X-ray powder diffraction (XRPD) data is an 

alternative nowadays and many important advances in material science can be attributed to 

the progress in this technique. 

Unfortunately, structure determination from XRPD data is much more difficult than 

from single-crystal data. This is caused almost entirely by the condensation of the three-

dimensional diffraction data into a quasi one-dimensional powder diffractogram that results in 

a considerable overlap of diffraction peaks and a loss of independent intensity data. 

Nevertheless, thanks to improvements and developments in instrumentation and algorithms, 

and advances in computer power, increasingly complex structures are being solved from 

powder diffraction data alone. 1 In particular, a significant progress in the structure 

determination of organic and organo-metallic compounds can be observed, a result of the 
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rapid development of direct-space search strategies. 1,2 In these approaches the unit-cell 

contents is not considered in terms of atoms but as a set of (connected) rigid bodies with a 

well-defined geometry. Thus, the structure determination task can be simplified by 

considering much less structural parameters (or degrees of freedom) in the system, i.e. the 

positional and orientational parameters of the rigid bodies and a set of dihedral angles 

describing the orientation of the rigid bodies relative to each other. In spite of this, the ability 

of the state-of-the-art direct-space structure-determination algorithms to solve organic 

compounds is still quite limited. Only structures with a few independent fragments in the unit 

cell and a small amount of (internal) degrees of freedom can be expected to be solved 

routinely with atomic-resolution data. 1,3 An analysis of the Cambridge Structural Database 

(CSD) 4 reveals that only a small percentage of the structures of organic and organo-metallic 

compounds solved using XRPD data has more than ~80 atoms (including hydrogens) in the 

asymmetric part of the unit cell, in the 2003 release only 5% of the 532 entries. This points 

out the need for further improvement of the techniques to determine structures from powder-

diffraction data.  

Recently we developed a new Monte Carlo approach for structure determination from 

powder diffraction data, based on a combined minimization of the R-factor and the potential 

energy that describes the intermolecular interaction in the system. 5 Among others, this 

approach has been applied successfully in the structure determination of a series of melamine-

phosphates, with a melamine-to-phosphor (M:P) molar ratio of 1.0: melamine orthophosphate 

(MP), 6 melamine pyrophosphate (MPy) 7 and melamine polymethaphosphate (MPoly). 8 An 

analysis of these and other melamine-containing compounds revealed common packing 

characteristics and details of the dehydration mechanisms in the condensation route MP → 

MPy → MPoly.  In a continuation of this work, we report here the structure of the melamine 

phosphate compound tetrakis(melaminium) bis(dihydrogenphosphate) 

monohydrogenphosphate trihydrate (from now on abbreviated as M4P3·(H2O)3). This 

compound has 54 non-hydrogen atoms (or 93 atoms including hydrogens) in the asymmetric 

part of the unit cell or, when being approximated by 10 independent moieties, 51 degrees of 

freedom (DOF). Structure determination of a compound with such a large amount of DOF is a 

task that is on the very edge of the current abilities of modern structure-determination 

algorithms, so far from routine. An additional problem is the hydrogen positions and the 

specific hydrogen-bonding network since X-ray (powder) diffraction is not very suited to 

determine the positions of these light scatterers. 
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Solid-state NMR has proven to be well suited to investigate hydrogen-bonded systems 

such as benzoxazine dimers and oligomers 9-12 and turned out to be very helpful to provide 

complementary information that helped the structure determination of M4P3·(H2O)3, 

especially with respect to the hydrogen network. 

The analysis of the crystal structure of M4P3·(H2O)3 is a step forward in the 

characterization of melamine-phosphate salts. Both M4P3·(H2O)3 and its dehydrates have a 

M:P ratio > 1 and are considered to be important for flame-retardant applications.13 Since the 

advantages of the flame-retardant characteristics of these materials are mainly attributed to an 

enhanced thermal stability 13, an elucidation of their packing characteristics is particularly 

important.  

 

2. Experimental Section 

2.1. Synthesis   
An aqueous solution of melamine (10.25 g, 0.0813 mol) and phosphoric acid (7.22 g, 

0.0737 mol; purity 85%) was heated and kept for 30 minutes at a minimum temperature of 75 

ºC under continuous stirring. Slow cooling of the mixture to room temperature yielded 

crystals (white powder) that were filtrated and dried in a vacuum oven at 60 ºC for 24 hours. 

XPRD revealed the crystals to be M4P3·(H2O)3  

 

2.2. X-ray powder diffraction analysis 

A high-resolution XRPD pattern was made at beamline BM01B of the Swiss-

Norwegian CRG at the European Synchrotron Radiation Facility (ESRF, Grenoble) with a 

fixed wavelength of 0.75003 Å at room temperature (T ~ 295 K). Data collection was carried 

out in a continuous scan mode from 3.03 to 42.26º 2θ using a filled capillary (diameter 1.5 

mm.) that was rotated during exposure. After data collection the scan was binned at 0.005º 2θ. 

In order to investigate preferred orientation, in-house experiments have been performed at the 

X-Pert One diffractometer in the reflection mode using CuKα radiation. For these 

experiments samples with a significant preferred orientation were prepared by making a slurry 

with ethanol, putting it uniformly at the sample holder and let the ethanol evaporate. For 

indexing the program ITO 14 was used. Structure determination was carried out with the 

program Organa. 5b 
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2.3. Solid-State NMR Spectroscopy 

The 31P cross-polarization magic-angle-spinning (CP-MAS) spectra of M4P3·(H2O)3 

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 1.5 ms. TPPM decoupling 15 

with a 1H nutation frequency of 100 kHz, pulse durations of 5.3 µs and radiofrequency phases 

of ±25° were used during acquisition in both cases. The two-dimensional (2D) 31P double-

quantum (2Q) spectrum was acquired at the same static field and spinning frequency using the 

homonuclear dipolar recoupling sequence SC14. 16 The 2Q excitation and reconversion time 

intervals were both given by 667 µs. The CP contact time was set to 1.2 ms. The evolution 

interval t1 of the 31P double-quantum coherences (2QC) was incremented in steps of 80 µs, in 

total 64 points were acquired in the t1 dimension. Continuous wave decoupling was used 

during SC14 with a 1H nutation frequency of 120 kHz. TPPM decoupling was applied during 

the evolution interval t1 and acquisition with a 1H nutation frequency of 100 kHz, pulse 

durations of 5.3 µs and radiofrequency phases of ±15°. The signal in the t1 dimension was 

apodized with a cos2 function and converted into the frequency domain (ω1) using a cosine 

Fourier transform. The TPPI scheme 17 was used to obtain pure absorption peaks in the 2D 

spectrum and to distinguish positive and negative spectral frequencies in the ω1 dimension. 

 

3. Results and Discussion 

3.1. Structure determination of M4P3·(H2O)3  

The indexing delivered a triclinic cell (Table 1), in view of the unit cell contents likely 

to be P-1 with Z = 2, and with a calculated density (1.709 g cm-3) that corresponds well with 

the observed density (dm = 1.712 g cm-3) as determined at DSM. A number of weak lines 

could not be indexed, indicating a small amount (1 - 3%) of another crystalline phase. 

In the first stages of structure determination the molecular model of M4P3·(H2O)3 was 

approximated by four melamine and three phosphate moieties, using the melamine and 

phosphate geometries as found in MP. 6 At this stage all hydrogens and waters were left out. 

Only after the general packing characteristics (such as melamine ribbons and phosphate 

layers, see below) became clear, the three waters were included. To position the seven 

moieties, comprising 42 degrees of freedom in the asymmetric part of the unit cell, the 

program Organa was used. 5b During the structure determination various soft-distance 

restraints were used between melamine and phosphate moieties, as suggested by the analysis 

of common packing elements in other melamine phosphates.6-8 The structure determination 
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procedure delivered about ten different models with the same Rw (~ 10%) for 86 clusters 

originating from the first 108 observed reflections (resolution ~3.1 Å). All models consisted 

of alternating melamine and phosphate layers parallel to the a and c axis, with the melamines 

being packed in layers and forming intralayer infinite ribbons that are stacked almost parallel 

to each other and to the (1 0 -1) crystallographic plane (see Scheme I). However, the 

melamine-layer packing and the packing of the phosphate moieties relative to the melamine 

layers differ considerably from the melamine-phosphate packings found before. 6-8 

 
 

 

Scheme I.  The two types of packing in M4P3(H2O)3 found during the structure determination 

process and a fragment of the infinite melamine ribbon as present in the melamine layers of 

both packing types. 
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Table 1. Crystallographic data of M4P3·(H2O)3. 

 

 

 

Crystal Data  Data Collection and Refinement 

Formula 
(C3H7N6

+)4•(H2PO4
1-)2 

•HPO4
2-•(H2O)3 

 
data range 3.03≤2θ≤42.26° 

crystal system Triclinic  no. of data points 7846 

Space group P-1 (no. 2)  no. of reflections 3034 

Z 2  Temperature (K) 295 

a (Å) 8.9867(1) 
 GoF 7.64 (6.35)* 

b (Å) 20.8097(2) 
 Rp (%) 5.63 (4.34)* 

c (Å) 8.9843(1)  Rwp (%) 7.97 (7.36)* 

α (°) 98.1691(9)  no. of refined parameters  

β (°) 93.4080(5)  Lattice 6 

γ (°) 93.1424(9)  Positional 186 

V (Å3) 1656.77(3)  Thermal 4 

dm/dc (gcm-3) 1.712/1.709  Texture 1 

   Profile 19 

   Background 20 

   zero-shift 1 

* In parentheses values of R-factors after the full pattern decomposition by the Le Bail method 25 
are given. 



Chapter 7 

 109

Two general classes of models could be distinguished. In the first class the phosphate 

layers were positioned at b~0.0 and b~0.5, while the centers of the melamine layers were at 

b~0.25 and b~0.75. In the second class the b-coordinates were interchanged with the 

phosphates at b~0.25 and b~0.75, and the melamine layer centers at b~0.0 and b~0.5. An 

analysis pointed out that in the models of the first class all three non-equivalent 

orthophosphate moieties were positioned in one of the layers (say, with b=0.0) since the 

second one (i.e. b=0.5 in this case) is symmetry related in P-1. The presence of three 

orthophosphates in both layers leads to a rather dense phosphate packing with many short 

contacts between all moieties indicating hydrogen bonds. In contrast, in the models of the 

second class, with the phosphate layers are at b~0.25 and b~0.75, all symmetry-related 

orthophosphates will belong to the same layer. Thus, to get the correct unit cell contents, the 

orthophosphate moieties have to be divided between both phosphate layers. The only 

possibility to do so (avoiding large voids in the cell) is to situate one orthophosphate in one 

layer and two in the other. In this way, in the models of the second class, in the unit cell well-

isolated pairs of phosphates appeared in one layer and four phosphates, all having short 

contacts with neighboring phosphates, in the other. From a packing point of view, all models 

found seemed reasonable, with both packing motifs and bond distances similar to those found 

in other melamine-phosphate compounds, as discussed below. However, on the basis of solid-

state NMR experiments it was possible to exclude immediately all models of the second class 

from further consideration, as will be discussed below (see NMR characterization section). 

All the remaining models have been refined, but none of them gave satisfactory 

results. A visual inspection of the sample measured at the ESRF, freshly prepared samples 

and the analysis of the corresponding powder-diffraction patterns suggested a significant 

preferred orientation in the samples, which was difficult to avoid. To get a grip on this 

phenomenon, samples were prepared with an enhanced preferred orientation (see 

experimental section) and their diffraction patterns revealed a dominating (0 n 0) zone that, 

according to our crystal-structure models obtained so far, corresponds to crystallographic 

planes separating the melamine and phosphate layers (Scheme I). Since attempts to correct for 

preferred orientation at the stage of refinement did not give any substantial improvement, the 

March-Dollase preferred-orientation correction 18 was implemented in Organa at the 

structure- determination stage in such a way that, given the direction of preferred orientation, 

the preferred-orientation magnitude was an additional variable in the Monte Carlo global 

minimization. 



Chapter 7 

 110

Starting from each model found, a new Monte Carlo run was carried out using the 

modified program with the [0 n 0] as preferred-orientation direction. Initially, the preferred- 

orientation magnitude was set equal to 1.0 (absence of preferred orientation) but during the 

calculations it refined to the value of ~1.2 and the Rw for the best model dropped significantly 

from 10% to 6% for the first 107 observed reflections (resolution ~3.1 Å). After that the 

calculations were stopped and with the resulting model the Rietveld refinement was started. 

Rietveld refinement was carried out using the program GSAS. 19 Peak profiles of 

reflections in the range 2θ = 3.03-42.26º were modelled with a split-type pseudo-Voigt peak- 

profile function. 20,21 The March-Dollase function was used to correct for preferred 

orientation. 18 The background was modelled by a Chebyshev polynomial of the first kind 

with 20 parameters. The Uiso values of identical atom types were coupled and a small 

damping was applied during all refinement stages.  

Apart from the hydrogens of the water molecules and the hydrogens at the exocyclic 

nitrogens of the melamines, nine hydrogens had to be positioned to neutralize the charge. In 

the crystal structure models found with Organa, two (of the three) endocyclic nitrogens of 

each melamine moiety are at a hydrogen-bonding distance to NH2 groups of neighboring 

melamine moieties (Tables 2 and 3) and hardly can accommodate extra hydrogens. The 

remaining endocyclic nitrogen of each of the four (independent) melamines has a short 

contact with an oxygen atom of an orthophosphate, suggesting a hydrogen bond and a single 

protonation of the melamines (see the discussion of the typical bonding characteristics in 

melamine phosphates below). The presence of two dihydrogenphosphates and one 

monohydrogenphosphate in the asymmetric part of the unit cell, predicted by solid-state NMR 

results (see below), is also consistent with a single protonation of the melamines.  The five 

remaining hydrogens had to be distributed over the three non-equivalent orthophosphates. 

During the later stages of the refinement, an analysis of the short contacts led to the 

identification of five potential hydrogen bridges between the orthophosphate moieties (Table 

3), but it was not possible to establish a more detailed bonding of these hydrogens within the 

bridges.  

In order to avoid distortion of the model, in the refinement process all bond lengths 

and bond angles in the molecules were restrained using ideal values and associated s.u’s. 22 As 

ideal restraint values for melamine bond distances and angles, averages of corresponding 

quantities were used, calculated from MP, 6 MPy, 7 MPoly 8 and other melamine salts with a 

positively charged (+1) melamine moiety found in the CSD. 4 Since no assumption was made 

about the protonation of orthophosphates, averages of single (1.57 Å) and double (1.46 Å) 
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bonds 23 were used as ideal restraint values for all P-O distances. The ideal tetrahedral 

geometry (109.5º) was used to restrain the O-P-O bond angles. The non-hydrogen atom s.u.’s 

of the restraints in melamine were taken as 1% and 5% for bond distances and bond angles, 

respectively, and 5% for both distances and angles in orthophosphates. For hydrogen atoms at 

melamine and water moieties, the respective s.u.’s were taken as 0.01% and 0.05%. 

Hydrogens on phosphates were calculated. Planar group restraints 22 were imposed to the 

melamines with s.u.'s being 0.05Å for all melamine atoms. Initially, strong restraints (with 

weighting factor f = 1000, defined in [22]) were applied and reduced stepwise until finally the 

restraints were removed (f=0). As the restraints became smaller, the P-O bond distances at the 

assumed hydrogen bridges became different, so of each particular bridge suggesting which of 

the oxygens was likely to accommodate the hydrogen and which rather had a double-bond 

character. In this way the remaining five hydrogens were positioned, resulting in the 

protonation scheme shown in Figure 1. After completion of the protonation scheme, the ideal 

restraint values for bond distances were changed in accordance with their proposed bonding to 

distinguish between single and double bonds 23 respectively. The corresponding s.u.’s were 

taken as 1%. It should be noted that refinement of other protonation schemes for these five 

hydrogens led to similar results (Rwp differ less than 0.5%) so Rietveld refinement is not 

decisive in this respect. 

The structure model obtained after the unrestrained refinement (Rwp ~ 0.0762) was not 

completely satisfactory because of some minor distortion of bond lengths and bond angles, 

especially in the melamine moieties and therefore it was decided to keep soft restraints (f ~ 

10). 24 The Rwp obtained after the final refinement (0.0797) was close enough to the limiting 

full pattern decomposition value (0.0736) obtained using the structural-model independent the 

Le Bail profile fitting. 25 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). 

For completeness, it is noted that attempts to refine the model in space group P1 and 

application of more complex preferred orientation correction formulas did not lead to any 

significant improvement of the results.  
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Table 2. Atomic Coordinates and Displacement Factors (in Å2) for M4P3·(H2O)3. 

Atom X Y Z Uiso 
N1   0.43858(27)  0.39013(9)   0.18215(24) 0.0152(10) 
N2   0.65421(34)  0.58333(7)   0.43333(29) 0.0152(10) 
N3   0.5490(9)    0.4839(4)    0.3115(9)   0.0152(10) 
N4   0.3595(10)   0.4832(4)    0.1103(10)  0.0152(10) 
N5   0.4718(5)    0.58182(8)   0.2390(4)   0.0152(10) 
N6   0.29237(32)  0.58132(7)   0.04544(27) 0.0152(10) 
C7   0.3737(7)    0.54774(22)  0.1299(7)   0.0339(24) 
C8   0.4490(6)    0.4541(4)    0.2015(6)   0.0339(24) 
C9   0.5582(7)    0.54896(22)  0.3285(6)   0.0339(24) 
H10  0.3761(4)    0.36900(15)  0.11395(31) 0.025      
H11  0.4923(4)    0.36946(13)  0.2394(4)   0.025      
H12  0.7087(4)    0.56366(13)  0.4922(4)   0.025      
H13  0.6589(7)    0.62514(7)   0.4443(6)   0.025      
H14  0.2301(4)    0.56141(15) -0.02459(32) 0.025      
H15  0.3024(7)    0.62313(8)   0.0597(5)   0.025      
N16  0.66854(25) -0.09688(9)   0.35741(25) 0.0152(10) 
N17  0.83654(28)  0.09310(7)   0.65133(32) 0.0152(10) 
N18  0.7556(9)   -0.0061(4)    0.5045(9)   0.0152(10) 
N19  0.5562(10)  -0.0062(4)    0.3095(10)  0.0152(10) 
N20  0.6468(5)    0.09050(9)   0.4687(4)   0.0152(10) 
N21  0.45991(27)  0.09212(8)   0.28729(28) 0.0152(10) 
C22  0.55242(30)  0.05710(21)  0.3525(7)   0.0339(24) 
C23  0.6569(6)   -0.0341(4)    0.3906(6)   0.0339(24) 
C24  0.7469(7)    0.05809(21)  0.5410(4)   0.0339(24) 
H25  0.6089(4)   -0.11932(14)  0.28852(32) 0.025      
H26  0.73231(33) -0.11600(13)  0.4081(4)   0.025      
H27  0.90307(33)  0.07442(13)  0.69968(30) 0.025      
H28  0.8314(5)    0.13458(8)   0.6698(5)   0.025      
H29  0.39387(20)  0.07365(14)  0.21919(31) 0.025      
H30  0.46022(34)  0.13326(9)   0.3174(5)   0.025      
N31  0.03043(26)  0.38576(9)   0.24103(25) 0.0152(10) 
N32  0.23151(32)  0.57498(7)   0.51597(30) 0.0152(10) 
N33  0.1359(9)    0.4789(5)    0.3822(10)  0.0152(10) 
N34 -0.0596(10)   0.4789(4)    0.1817(10)  0.0152(10) 
N35  0.0405(5)    0.57705(8)   0.3263(4)   0.0152(10) 
N36 -0.14663(31)  0.57490(7)   0.12899(28) 0.0152(10) 
C37 -0.0568(7)    0.54299(22)  0.2111(7)   0.0339(24) 
C38  0.0347(6)    0.4501(4)    0.2692(6)   0.0339(24) 
C39  0.1359(6)    0.54329(22)  0.4090(6)   0.0339(24) 
H40 -0.0300(4)    0.36514(15)  0.17018(31) 0.025      
H41  0.0893(4)    0.36467(13)  0.2924(4)   0.025      
H42  0.2885(4)    0.55370(13)  0.5689(4)   0.025      
H43  0.2326(6)    0.61666(8)   0.5363(6)   0.025      
H44 -0.2084(4)    0.55373(14)  0.06015(33) 0.025      
H45 -0.1464(6)    0.61660(8)   0.1479(6)   0.025      
N46  0.85182(25) -0.12238(9)   0.02126(26) 0.0152(10) 
N47  1.02926(29)  0.06844(7)   0.31870(33) 0.0152(10) 
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N48  0.9449(10)  -0.0302(5)    0.1697(9)   0.0152(10) 
N49  0.7433(9)   -0.0314(4)   -0.0184(10)  0.0152(10) 
N50  0.8307(5)    0.06548(9)   0.1362(5)   0.0152(10) 
N51  0.63885(31)  0.06532(8)  -0.04201(28) 0.0152(10) 
C52  0.7371(7)    0.03153(22)  0.0237(7)   0.0339(24) 
C53  0.8464(6)   -0.0596(4)    0.0585(6)   0.0339(24) 
C54  0.9366(6)    0.03369(22)  0.2091(6)   0.0339(24) 
H55  0.79090(35) -0.14304(15) -0.04906(32) 0.025      
H56  0.91610(33) -0.14308(13)  0.0673(4)   0.025      
H57  1.09554(33)  0.04936(13)  0.3663(4)   0.025      
H58  1.0225(6)    0.10973(8)   0.3405(6)   0.025      
H59  0.5780(4)    0.04625(15) -0.11432(32) 0.025      
H60  0.6389(6)    0.10670(8)  -0.0156(5)   0.025      
P61  1.2875(7)    0.7474(4)    0.8522(7)   0.0257(13) 
O62  1.3609(13)   0.7134(7)    0.7144(12)  0.0248(12) 
O63  1.1998(13)   0.8010(6)    0.8158(14)  0.0248(12) 
O64  1.4197(9)    0.7827(6)    0.96416(17) 0.0248(12) 
O65  1.1920(14)   0.7065(6)    0.9359(14)  0.0248(12) 
P66  0.9199(7)    0.74349(34)  0.4878(6)   0.0257(13) 
O67  1.0143(12)   0.7065(7)    0.3804(12)  0.0248(12) 
O68  0.8396(13)   0.7052(6)    0.5866(13)  0.0248(12) 
O69  0.80439(26)  0.77750(22)  0.3898(7)   0.0248(12) 
O70  1.0153(4)    0.8001(4)    0.58840(27) 0.0248(12) 
P71  1.4182(7)    0.7516(4)    0.3388(7)   0.0257(13) 
O72  1.5536(12)   0.7158(7)    0.2963(13)  0.0248(12) 
O73  1.4031(14)   0.8048(6)    0.2453(13)  0.0248(12) 
O74  1.4016(10)   0.78296(14)  0.50673(25) 0.0248(12) 
O75  1.28160(19)  0.7020(6)    0.3010(6)   0.0248(12) 
O76  0.72778(25)  0.69751(6)   1.04658(16) 0.0248(12) 
O77  1.02026(26)  0.77463(6)   1.11066(17) 0.0248(12) 
O78  0.68279(17)  0.79017(6)   0.78451(23) 0.0248(12) 
H79  0.4793(7)    0.62369(8)   0.2506(6)   0.025      
H80  0.0431(6)    0.61887(9)   0.3439(6)   0.025      
H81  0.8266(6)    0.10696(9)   0.1582(6)   0.025      
H82  0.6439(6)    0.13198(9)   0.4920(6)   0.025      
H83  0.71716      0.75603      0.35352     0.025      
H84  1.38854      0.7597       0.58263     0.025      
H85  1.1854       0.70062      0.32379     0.025      
H86  1.41314      0.79174      1.06446     0.025      
H87  1.07722      0.80003      0.67089     0.025      
H88  0.6794(4)    0.71890(19)  1.11491(29) 0.025      
H89  1.0658(4)    0.74975(17)  1.04592(31) 0.025      
H90  0.9882(5)    0.75263(15)  1.17767(29) 0.025      
H91  0.7521(6)    0.72228(14)  0.98184(30) 0.025      
H92  0.62304(31)  0.76816(16)  0.83238(4)  0.025      
H93  0.74836(31)  0.76540(15)  0.74595(5)  0.025      
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Table 3. Hydrogen-bonding geometry (Å, º). Potential hydrogen bonds were calculated with 

PLATON 34 up to a 4 Å limit of donor-acceptor distances for the weak hydrogen bonds. 35  

Donor --- H....Acceptor D – H H...A D...A D - H...A 
N(1)  -- H(10) .. O(76)i 
N(1)  -- H(11) .. O(62)ii 
N(2)  -- H(12) .. N(33)i 
N(2)  -- H(13) .. O(68) 
N(2)  -- H(13) .. O(72)iii 
N(6)  -- H(14) .. N(34)iv 
N(6)  -- H(14) .. N(36)iv 
N(6)  -- H(15) .. O(65)v 
N(6)  -- H(15) .. O(75)iii 
N(16) -- H(25) .. O(73)vi 
N(16) -- H(26) .. O(69)vii 
N(17) -- H(27) .. N(48)viii 
N(17) -- H(28) .. O(73)ii 
N(17) -- H(28) .. O(77)ix 
N(21) -- H(29) .. N(49)x 
N(21) -- H(30) .. O(74)ii 
N(21) -- H(30) .. O(78)i 
N(31) -- H(40) .. O(65)i 
N(31) -- H(41) .. O(68)i 
N(32) -- H(42) .. N(2)i  
N(32) -- H(42) .. N(3)i  
N(32) -- H(43) .. O(62)iii 
N(36) -- H(44) .. N(4)iv  
N(36) -- H(44) .. N(6)iv  
N(36) -- H(45) .. O(67)iii 
N(36) -- H(45) .. O(76)v 
N(46) -- H(55) .. O(78)xi 
N(46) -- H(56) .. O(77)xi 
N(47) -- H(57) .. N(18)viii 
N(47) -- H(58) .. O(70)ii 
N(51) -- H(59) .. N(19)x 
N(51) -- H(60) .. O(63)ii 
N(51) -- H(60) .. O(64)ii 
N(5)  -- H(79) .. O(72)iii 
N(5)  -- H(79) .. O(75)iii 
N(35) -- H(80) .. O(67)iii 
N(35) -- H(80) .. O(75)iii 
N(50) -- H(81) .. O(63)ii 
N(20) -- H(82) .. O(73)ii 
N(20) -- H(82) .. O(74)ii 
O(69) -- H(83) .. O(72)iii 
O(69) -- H(83) .. O(76)xii 
O(74) -- H(84) .. O(62) 
O(74) -- H(84) .. O(63) 
O(75) -- H(85) .. O(67)xiii 

0.861(4) 
0.859(4) 
0.860(4) 
0.860(2) 
0.860(2) 
0.860(4) 
0.860(4) 
0.860(2) 
0.860(2) 
0.860(4) 
0.860(4) 
0.861(4) 
0.860(3) 
0.860(3) 
0.860(4) 
0.860(3) 
0.860(3) 
0.860(4) 
0.860(4) 
0.860(4) 
0.860(4) 
0.860(3) 
0.860(4) 
0.860(4) 
0.860(3) 
0.860(3) 
0.860(4) 
0.860(4) 
0.859(4) 
0.860(3) 
0.859(4) 
0.860(3) 
0.860(3) 
0.861(3) 
0.861(3) 
0.861(3) 
0.861(3) 
0.861(3) 
0.861(3) 
0.861(3) 
  0.9002 
  0.9002 
  0.9003 
  0.9003 
  0.9001 

1.999(3) 
2.296(14) 
2.059(10) 
2.429(13) 
2.642(14) 
 2.076(9) 
 2.901(4) 
2.416(13) 
 2.549(9) 
2.342(13) 
 2.329(5) 
2.084(10) 
2.612(13) 
 2.755(4) 
 2.171(9) 
 2.414(6) 
 2.351(3) 
2.108(13) 
2.043(13) 
 2.923(3) 
 2.019(9) 
2.560(14) 
 2.021(9) 
 2.880(3) 
2.861(13) 
 2.337(4) 
 2.049(3) 
 2.070(3) 
 2.048(9) 
 1.949(8) 
 2.109(9) 
2.724(13) 
2.376(12) 
1.973(15) 
 2.494(9) 
1.842(15) 
 2.760(9) 
1.926(13) 
2.603(13) 
 1.837(4) 
   1.6669 
   2.8612 
   1.6506 
   2.8416 
   1.6534 

2.839(3) 
3.090(13) 
 2.914(9) 
3.062(12) 
3.322(14) 
 2.931(9) 
 3.547(3) 
3.074(13) 
3.163(10) 
3.079(13) 
 2.989(5) 
 2.943(9) 
3.192(13) 
 3.379(3) 
 3.020(9) 
 3.120(4) 
 2.959(2) 
2.923(13) 
2.865(12) 
 3.586(2) 
 2.870(9) 
3.279(14) 
 2.875(9) 
 3.547(3) 
3.480(13) 
 3.014(2) 
 2.891(3) 
 2.869(3) 
 2.905(9) 
 2.802(8) 
 2.964(9) 
3.402(13) 
3.220(12) 
2.811(15) 
3.110(10) 
2.694(15) 
3.334(10) 
2.782(13) 
3.194(12) 
 2.673(4) 
2.566(12) 
 3.304(6) 
2.550(13) 
3.394(13) 
2.549(11) 

164.7(4) 
153.6(4) 
172.0(4) 
131.0(6) 
136.8(6) 
172.7(4) 
133.4(3) 
133.7(6) 
129.1(5) 
144.0(4) 
133.7(3) 
175.9(4) 
125.8(5) 
130.7(4) 
169.5(4) 
139.8(4) 
128.0(4) 
157.9(5) 
159.6(5) 
135.3(3) 
169.7(4) 
141.8(6) 
171.6(4) 
135.8(3) 
130.4(5) 
135.8(5) 
165.8(3) 
154.3(3) 
175.3(4) 
171.1(5) 
172.8(4) 
136.8(5) 
166.7(5) 
164.1(7) 
129.1(6) 
170.4(7) 
125.5(6) 
172.5(7) 
126.8(5) 
163.2(6) 
  176.76 
  111.88 
  176.64 
  120.98 
  172.86 
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O(75) -- H(85) .. N(35)xiv 
O(64) -- H(86) .. O(73) 
O(70) -- H(87) .. O(63)ii 
O(70) -- H(87) .. N(47)xiv 
O(76) -- H(88) .. O(69)xi 
O(76) -- H(88) .. O(72) 
O(77) -- H(89) .. O(63) 
O(77) -- H(89) .. O(65) 
O(77) -- H(90) .. O(67)xiv 
O(77) -- H(90) .. O(69)xiv 
O(77) -- H(90) .. O(76) 
O(76) -- H(91) .. O(77) 
O(76) -- H(91) .. O(78) 
O(78) -- H(92) .. O(62)iii 
O(78) -- H(92) .. O(64)iii 
O(78) -- H(92) .. O(76) 
O(78) – H(93) .. O(68) 

  0.9001 
  0.9001 
  0.9001 
  0.9001 
0.860(4) 
0.860(4) 
0.860(4) 
0.860(4) 
0.860(4) 
0.860(4) 
0.860(4) 
0.860(3) 
0.860(3) 
0.860(3) 
0.860(3) 
0.860(3) 
0.860(3) 

   2.8216 
   1.6175 
   1.6518 
   2.9397 
 2.741(6) 
2.044(12) 
2.765(13) 
1.751(13) 
2.183(12) 
 2.611(6) 
 2.678(5) 
 2.713(5) 
 2.491(3) 
2.652(12) 
 2.247(7) 
 2.737(3) 
2.008(12) 

3.334(10) 
2.517(12) 
2.551(13) 
 2.802(8) 
 3.304(6) 
2.805(11) 
3.278(12) 
2.598(13) 
2.978(12) 
 3.257(5) 
 2.985(3) 
 2.985(3) 
 3.269(2) 
3.211(12) 
 2.950(7) 
 3.269(2) 
2.820(12) 

  117.49 
  177.53 
  176.34 
   72.40 
124.4(3) 
147.1(5) 
119.8(4) 
168.1(6) 
153.7(5) 
132.8(3) 
102.5(3) 
100.0(3) 
150.9(5) 
123.7(3) 
139.0(4) 
121.4(2) 
156.9(4) 

 

* Symmetry codes: (i) 1-x,1-y,1-z; (ii) 2-x,1-y,1-z; (iii) -1+x,y,z; (iv) -x,1-y,-z; (v) -1+x,y,-

1+z; (vi) -1+x,-1+y,z; (vii) x,-1+y,z; (viii) 2-x,-y,1-z; (ix) 2-x,1-y,2-z   (x) 1-x,-y,-z; (xi) x,-

1+y,-1+z; (xii) x,y,-1+z; (xiii) 1+x,y,z; (xiv) x,y,1+z; (xv) -1+x,y,1+z. 
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Figure 1. Labeling of the atoms in the asymmetric part of the unit cell of M4P3(H2O)3. 
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Figure 2. Synchrotron powder diffraction patterns of M4P3(H2O)3: experimental pattern 

(dots), the final calculated pattern after refinement (line), the calculated background and the 

difference (experimental –calculated) pattern. 

 

3.2. Solid-State NMR Characterization 

The network of phosphate groups has been studied by 31P solid-state NMR. Figure 3 

shows the 31P CP-MAS spectra of M4P3·(H2O)3 at two different sample spinning frequencies, 

(a) 4 kHz and (b) 12 kHz. The spectrum shows two resonances, at 3.1 ppm (left) and –1.6 

ppm (right). A Herzfeld-Berger analysis 26 of the spinning sideband pattern in Figure 3(a) 

resulted in chemical shift anisotropies of (δ11, δ22, δ33) = (56, -15, -32) ±2 ppm for the left and 

(δ11, δ22, δ33) = (53, 12, -70) ±1 ppm for the right peak. A comparison with literature values 27 

shows that the left resonance stems from the phosphorus in a monohydrogen phosphate group, 

whilst the right resonance stems from the phosphorus in a dihydrogen phosphate group, 

leading to the assignment of the left peak at 3.1 ppm to phosphorus P61 and the right peak at 

–1.6 ppm to both phosphorus P66 and P71 (see atom labelling in Figure 1). 
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Figure 3.  31P CP-MAS spectra of 

M4P3·(H2O)3 at a spinning frequency 

of (a) 4 kHz and (b) 12 kHz. In (a) the 

centerbands stemming from the P61 

and P66/71 sites are labeled. The 

sidebands of both sites are not labeled. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Two-dimensional 31P double-quantum spectrum of M4P3·(H2O)3 .On the right slices 

through the 2D spectral peaks parallel to the δ2 dimension are shown. The assignment of the 

individual peaks in the 1Q and 2Q dimension is indicated. 
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Figure 4 shows a 2D 31P  2Q spectrum of M4P3·(H2O)3. The δ2 axis corresponds to the 

dimension of single-quantum coherences, which are directly detected during signal 

acquisition. The δ1 axis corresponds to the indirect dimension of double-quantum coherences, 

which are evolving during the time interval t1. Peaks in the 2D 2Q spectrum indicate 

phosphorus nuclear spins, which are close in space to each other and therefore experience a 

strong dipolar coupling. Consider two such spins with chemical shifts δ2
(1)

 and δ2
(2). The 

homonuclear dipolar coupling between the two spins allows that 2QC is created between the 

two spins during application of the SC14 homonuclear recoupling sequence. The 2QC evolves 

under the sum of the individual chemical shifts δ1=δ2
(1)+δ2

(2), leading to peaks with the 

frequency coordinates (δ2
(1), δ2

(1)+δ2
(2)) and (δ2

(2), δ2
(1)+δ2

(2)) in the 2D spectrum. Two 2Q 

peaks can be identified in the 2D spectrum. The 2Q peak at δ1=1.5 ppm results from two 

distinct phosphorus sites P61 and P66/71 (see atom assignment in Figure 1) with chemical 

shifts δ2
(1)=3.1 ppm and δ2

(2)=-1.6 ppm, respectively, indicating that these sites are close in 

space to each other. This is indicated in Figure 5 by a connecting line between a P61 and a 

P66/71 site. The 2Q peak at δ1=-3.2 ppm results from one phosphorus site P66/71 with 

chemical shift δ2
(2)=-1.6 ppm, indicating that a P66/71 site is close to another P66/71 site. 

Figure 4 also shows that there is no peak indicating a close contact between one P61 site and 

another P61 site. The conclusions that can be drawn about the phosphate network are 

summarized in a simple model in Figure 5: (i) a chain of P66/71 sites, which are in close 

contact with each other; (ii) P61 sites which are in close contact to P66/71 sites, but not in 

close contact with each other. This phosphate-network model made it possible to reduce the 

amount of trial structures to consider during structure determination and corroborates the final 

X-ray crystal structure model that is discussed in detail below.  

 

Figure 5. Simplified model of the phosphate network according to solid-state NMR. 
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3.3. Crystal Structure of M4P3·(H2O)3 

The crystal structure of M4P3·(H2O)3 consists of layers of melamine cations alternating 

with layers of phosphate anions and water molecules (Figure 6). The melamine layers are 

packed as infinite ribbons (Scheme I) with adjacent melamines being linked to each other by 

means of side-by-side pairs of N-H…N hydrogen bonds (N…N ~ 3 Å; see Table 3) and all 

molecules lying in one plane. The melamine ribbons are parallel to the [1 0 1] direction and 

stacked along the [1 0 -1] with a melamine intermolecular distance of ~3.2 Å, so shorter than 

the usual distance between π-aromatic ring systems (~3.4 Å) 28 and indicating π - π 

interactions between the melamines. Each melamine in a ribbon has hydrogen bonds with one 

or two water molecules (N...O ~ 2.8-3.4 Å) via its exocyclic NH2 groups and with at least 

three and at most five orthophosphates (N...O ~ 2.7-3.5 Å) from two neighboring layers (see 

Figures 7 and 8 and Table 3). Thus, neighboring anion and cation layers are interconnected by 

multiple hydrogen bonds that stabilize the structure. 

The proposed protonation model (see Figure 1) has two orthophosphate anions and 

one dianion in the asymmetric part of the unit cell. Within the mixed phosphate-and-water 

layers, the orthophosphate anions are assembled in infinite chains along the [100], and are 

crosslinked by orthophosphate dianions in such a manner that the phosphates form a 

rectangular network in which three water molecules are present. The latter form hydrogen-

bonded trimer structures with O…O distances of 3.27 Å and 2.99 Å (Figure 9). 

One of the two non-equivalent anions is hydrogen bonded to four surrounding 

orthophosphates (O...O ~ 2.5-2.6 Å) and a water molecule (O...O ~ 2.8-2.9 Å) while the other 

anion as well as the dianion bind three neighboring orthophosphates (O...O ~ 2.6-2.7 Å) and 

three and two water molecules (O...O ~ 2.6-3.3 Å) respectively. In this way both anions 

appear to be connected to other anions as well as to the dianion. In contrast, the dianion is 

bonded directly only to the anions. This difference in phosphate bonding was also found in 

the NMR experiments. 

As will be discussed in the next section in more detail, M4P3·(H2O)3 exhibits the 

typical melamine-phosphate bonding pattern in which phosphates are linked via hydrogen 

bonding to a (protonated) endocyclic nitrogen of melamine (N...O ~ 2.7-3.3 Å). While the 

dianion (Figure 7a) and one of the non-equivalent anions (Figure 7c) each participate in only 

one such bond with one melamine moiety, the other orthophosphate anion (Figure 7b) is 

shared by three endocyclic nitrogens of melamine moieties from two different layers due to an 

excess of melamines. 

 



Chapter 7 

 121

 

Figure 6. Crystal packing of M4P3(H2O)3 with the [101] direction perpendicular to the plane 

of the paper. 

 
Figure 7. Bonding of the three independent orthophosphates in M4P3(H2O)3 to melamines. 

For the hydrogen bond distances see Table 3. 
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Figure 8. Bonding of the 

three independent water 

molecules to the 

melamines in M4P3(H2O)3. 

For the hydrogen bond 

distances see Table 3. 

 
 
 
 
 
 
 
 

 
 
Figure 9. Phosphate-water 

layer in M4P3(H2O)3. For 

the hydrogen bond 

distances see Table 3. 
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3.4. Common aspects of crystal packing in melamine phosphates 

All the melamine phosphates of which the crystal structures are known 6-8,29 have 

similar structural characteristics. Typically, in these compounds as well as in many other 

melamine-containing complexes and salts, see [7] and references therein, the melamines are 

packed in stacks of parallel ribbons. Within each ribbon the melamines are bonded to each 

other via pairs of hydrogen bonds as described above and the ribbon-stacking distance (~3.2-

3.6 Å) is about the usual distance found in π- aromatic ring systems (~3.4 Å). 28 In the three 

investigated melamine phosphates with a melamine-to-phosphor (M:P) molar ratio of 1.0 

(MP, 6 MPy, 7 Mpoly 8) zigzag ribbons were observed and in M4P3·(H2O)3 and M6P5·(H2O)4 
29 straight ribbons. These two ribbon types are both characterized by an infinite repetition of 

the smallest possible set of three bonded melamines 7 and they occur in almost all melamine-

containing compounds, with only two exceptions known so far, a melamine-imide complex 30 

and a melamine sulphate salt. 31   

The NH2 groups of the melamines in a ribbon are accessible for hydrogen bonding 

with other (non-melamine) moieties. Apart from that, each melamine has one endocyclic 

nitrogen that is not involved in hydrogen bonding with neighboring melamines within the 

ribbon and this nitrogen in general also has hydrogen-bond interactions. Via hydrogen 

bonding of melamine's NH2 groups and endocyclic nitrogens to phosphate moieties (N…O 

distances ~ 2.7-3.5 Å and ~ 2.5-3.3 Å respectively), the melamine ribbons in melamine 

phosphates are linked and in this way typical layered structures with alternating melamine and 

phosphate layers are formed. Depending on the type of melamine ribbons and their stacking, 

various types of packing in the phosphate layers are possible. While in MP, 6 MPy 7 and 

MPoly 8 isolated pairs of phosphate chains occur, in M4P3·(H2O)3 and M6P5·(H2O)4 
29 all 

phosphates within a layer are interconnected. The oxygen-oxygen distances in the hydrogen 

bonds between the phosphates range from ~ 2.5-2.7 Å. 

The phosphates tend to form hydrogen bonds with all the available endocyclic 

nitrogens of a melamine ribbon. 6-8,29 In melamine phosphates with a M:P ratio of 1.0 the 

hydrogen transfer takes place one to one between a phosphate moiety and an endocyclic 

nitrogen of a melamine and, as a result, the orthophosphate (or phosphate group in the 

condensed forms) becomes an anion. In crystal structures with an excess of melamines over 

phosphates, e.g. M4P3·(H2O)3 and M6P5·(H2O)4, 
29 some orthophosphates are shared by 

endocyclic nitrogens of different melamine moieties. In M4P3·(H2O)3 and M6P5·(H2O)4 the 

hydrogen transfer takes place between phosphate moieties and melamines.  The single 
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protonation of all melamine involves a second deprotonation that creates dianionic 

phosphates. A double protonation of melamines is not likely since it will destroy the 

melamine ribbons. Moreover, single protonated melamine seems to be too acidic (pKa ~ 5) 32 

in comparison with orthophosphates to accept a second proton. Apparently, the pKa for the 

second deprotonation of orthophosphate acid (7.21) 33 is low enough to enable the (single) 

protonation of a second melamine.  

With an increase of the excess of melamines over phosphates in melamine-phosphate 

compounds, the amount of oxygens per melamine available for hydrogen-bond formation 

decreases. The presence of crystalline water in melamine phosphates with an M:P ratio >1 

stabilizes the structure because it provides extra oxygen sites. In M4P3·(H2O)3 and 

M6P5·(H2O)4 
29 water molecules are bonded to the phosphates (O…O ~ 2.6-3.4 Å) and also to 

the melamine NH2 groups (O...N ~ 2.8–3.4 Å). In principle, water molecules may also bind to 

melamine's endocyclic nitrogens, so "closing" this bonding site for phosphate moieties. 

However, due to the large pKa value of water (15.7), hydrogen transfer to a melamine moiety 

is unlikely in the presence of phosphates. Hydrogen transfer, however, has been observed, for 

instance, in the structure of bis(melaminium) sulfate dihydrate (O…N ~2.5 Å) in which only 

one orthosulphate moiety is present per two melamine units. 31 In general, water molecules 

can be expected to bind to the melamine endocyclic nitrogens in case of a large melamine 

excess, when a relatively small amount of phosphates is not able to bind all the endocyclic 

nitrogens. 

In conclusion we characterized the crystal structure of M4P3·(H2O)3 and compared it 

with other melamine phosphates to point out the common packing characteristics of these 

compounds. The structure determination of the compound with 51 degrees of freedom 

describing ten independent moieties in the asymmetric part of the unit cell demonstrates the 

abilities of modern direct space strategies for structure determination from powder diffraction 

data. 
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Samenvatting 

 

Melaminefosfaten zijn veelbelovende milieuvriendelijke vlamvertragers. Toegevoegd aan een 

polymeer matrix zijn het goedkope en efficiente materialen om de ontvlambaarheid van de 

polymeer te verminderen. Op melaminefosfaat gebaseerde vlamvertragers zullen naar 

verwachting de gehalogeneerde vlamvertragers, die nu nog de vlamvertragersmarkt 

domineren, gaan vervangen. Strengere wetgeving zal het gebruik van gehalogeneerde 

vlamvertragers sterk beperken vanwege hun negatieve bijwerkingen, zoals vorming van 

giftige en corrosieve gassen en sterke rookontwikkeling bij verbranding. Ondanks de hoog 

gespannen verwachtingen, en de grote behoefte aan milieuvriendelijke vlamvertragers, 

worden melaminefosfaten nog niet op uitgebreide schaal toegepast, o.a. vanwege beperkingen 

met betrekking tot thermische stabiliteit en stabiliteit in combinatie met bepaalde polymeren 

bij hogere temperaturen. De vele factoren die de vlamvertragende werking beïnvloeden, en 

met name de thermische stabiliteit, worden bepaald door de specifieke strukturele 

eigenschappen van de melaminefosfaten. Voor een rationele verbetering van vlamvertragende 

systemen, in plaats van een empirische aanpak, is fundamentele kennis nodig van de 

strukturele eigenschappen van de melaminefosfaten. Tot op heden was deze kennis 

nauwelijks beschikbaar, met name omdat deze materialen slechts tot polykristallijne grootte 

uitkristalliseren en geschikte éénkristallen ontbreken. 

In het kader van dit proefschrift zijn de kristalstrukturen bepaald van vier 

melaminefosfaten: melamine orthophosphate (MP), melamine pyrophosphate (MPy), 

melamine polyphosphate (MPoly) en tetrakis(melaminium) bis(dihydrogenphosphate) 

monohydrogenphosphate trihydrate ( M4P3·(H2O)3). De drie eerst genoemden, die allen een 

gelijke melamine-fosfor molaire verhouding (M:P) hebben van 1.0, zijn reeds lang (50 jaar) in 

gebruik als vlamvertragers. Uitgaande van MP ontstaan bij verhitting achtereenvolgens MPy 

en MPoly, in beide gevallen dehydrateringen. De belangstelling voor melaminefosfaten met 

een hogere (>1.0) M:P verhouding is onlangs sterk toegenomen vanwege hun hogere 

thermische  stabiliteit. De vierde verbinding M4P3·(H2O)3 is zo’n type melaminefosfaat 

verbinding en een belangrijk uitgangsmateriaal voor de synthese van dergelijke 

vlamvertragende dehydraten.   

 Alle vier de strukturen zijn opgehelderd op grond van poederdiffractie gegevens, 

waartoe een nieuwe directe-ruimte zoekmethodiek is ontwikkeld. 
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In hoofdstuk 1 wordt een korte inleiding gegeven tot röntgenstraling, kristallografie 

en  kristalstruktuurbepaling op grond van röntgenpoederdiffractie gegevens.  

In hoofstuk 2 wordt de nieuwe directe-ruimte zoekmethodiek geïntroduceerd die 

speciaal ontwikkeld is voor de kristalstruktuurbepaling van organische verbindingen op grond 

van  röntgenpoederdiffractie gegegevens en waarmee de kristalstrukturen zijn bepaald van de 

drie meest complexe melaminefosfaten (MPy, MPoly and M4P3·(H2O)3) die in dit proefschrift 

worden besproken. Het onderliggende principe, een energy-guiding Monte-Carlo algoritme, is 

gebaseerd op een gelijktijdige globale minimalisatie van de R-factor en een potentiele energie 

functie waarbij in iedere stochastische Monte Carlo stap een lokale minimalisatie van de R-

factor wordt uitgevoerd. Het werking van het algoritme is onderzocht aan de hand van een 

aantal organische verbindingen. 

Hoofdstuk 3 behandelt het programmapakket Organa, waarin o.a. een veelzijdiger 

versie van het bovengenoemde energy-guiding Monte-Carlo algoritme is opgenomen, met 

opties voor soft-distance restraints en een globale optimalisatie van voorkeursorientatie. Als 

een extra hulpmiddel voor de kristalstruktuurbepaling is in Organa ook een grid-search 

algoritme opgenomen. 

 In hoofdstuk 4 wordt de kristalstruktuur van MP gepresenteerd die opgehelderd is 

met hoge resolutie synchrotron poederdiffractie gegevens. Hoewel röntgendiffractie, en in het 

bijzonder röntgenpoederdiffractie, slechts een beperkte gevoeligheid hebben met betrekking 

tot het bepalen van posities van waterstof atomen, kon toch een waterstofbinding model 

worden opgesteld. Vaste stof NMR metingen hebben dit model bekrachtigd, in het bijzonder 

de enkelvoudige  protonering  van de melamines.  

Hoofdstuk 5 behandelt de kristalstruktuur van MPy, opgehelderd met Guinier 

diffractie gegevens en verfijnd met hoge resolutie synchrotron poederdiffractie gegevens. Het 

voorgestelde waterstofbinding model kon ook in dit geval worden bekrachtigd met vaste stof 

NMR metingen en periodieke DFT berekeningen. Hoewel beide technieken gevoelig genoeg 

bleken om protonering van de melamines te voorspellen, kon de precieze positionering van de 

waterstof atomen tussen de fosfaten niet eenduidig worden vastgesteld. Door het vergelijken 

van de kristalstrukturen van MP en MPy kon een (de-)hydratering mechanisme worden 

opgesteld voor de reactie MP ↔ MPy. Analyse van de melamine pakking in diverse melamine 

complexen en zouten, met inbegrip van MP en MPy, bracht karakteristieke pakkingsmotieven 

aan het licht die, zoals wordt betoogd, waarschijnlijk ook in andere melaminefosfaten zullen 

vóórkomen. Deze analyse bleek bijzonder nuttig voor de kristalstruktuurbepaling van de 

melaminefosfaten die de hoofdstukken 6 en 7 worden besproken.  
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In hoofdstuk 6 wordt de laatste verbinding van de1.0 reeks, MPoly, geanalyseerd. De 

kristalstruktuur van MPoly werd bepaald met behulp van Guinier data. Net als bij MP en MPy 

kon een enkelvoudige protonering van de melamine ringen worden vastgesteld op grond van 

vaste stof NMR gegevens.  Vergelijking van de pakking in MPoly met die in zijn precursors, 

leidde tot een vervolmaking van het beeld betreffende de veranderingen die optreden tijdens 

de endotherme dehydratatieprocessen in het reactiepad  MP → MPy → MPoly. 

Tenslotte wordt in hoofdstuk 7 de kristalstruktuurbepaling en analyse van 

M4P3·(H2O)3, besproken. De geslaagde struktuurbepaling van deze verbinding bestaande uit 

tien onafhankelijke struktuurfragmenten in de asymmetrische eenheid van de eenheidscel (51 

vrijheidsgraden) toont duidelijk de kracht van het directe-ruimte minimalisatie algoritme 

Organa. Op grond van vaste stof NMR gegevens kon het aantal modellen dat tijdens de 

struktuurbepaling beschouwd diende te worden met de helft worden gereduceerd. De analyse 

van de struktuur en de vergelijking met andere melaminefosfaten bracht pakking- en 

bindingkarakteristieken aan het licht die naar verwachting van belang zullen zijn voor de 

analyse van hogere orde condensaten van M4P3·(H2O)3. 

De resultaten die in het kader van dit proefschrift verkregen zijn bieden een eerste 

inzicht in de strukturele kenmerken van op melaminefosfaat gebaseerde vlamvertragers. Er 

kon worden aangetoond dat met de nieuwe methodiek kristalstrukturen van een hoge 

complexiteit (~50 vrijheidsgraden) kunnen worden opgehelderd op grond van poederdiffractie 

gegevens. Vanwege de waterstofbrug netwerken in de melaminefosfaten was een 

gecombineerde aanpak van röntgenpoederdiffractie en vaste stof NMR analyse essentieel.  
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Summary 

 

Melamine phosphate compounds are promising environmental-friendly flame retardants. 

Being admixed in a polymer matrix, they are cheap and efficient materials that reduce the 

polymers flammability. Melamine phosphates and their derivatives are believed to replace the 

hazardous halogenated compounds that currently are dominating the flame-retardant market 

but are increasingly banned by more stringent legislation for the side effects they show when 

suppressing the burning process such as toxicity and corrosiveness of smoke evolved. In spite 

of great needs and expectations, large-scale use of melamine phosphates in flame-retardant 

applications is still hampered for various reasons, amongst others their limited thermal 

stability and their compatibility with some industrial polymers. Many parameters influencing 

the flame-retardant activity of melamine phosphates, in particular their thermal stability, are 

determined by the structural properties of the materials and therefore fundamental knowledge 

of melamine phosphate’s structural characteristics is required to make the search for improved 

flame-retardant systems systematic rather than trial-and-error based. 

In this thesis the structures of four melamine-phosphate compounds are reported that 

are important for flame-retardant applications: melamine orthophosphate (MP), melamine 

pyrophosphate (MPy), melamine polyphosphate (MPoly) and tetrakis(melaminium) 

bis(dihydrogenphosphate) monohydrogenphosphate trihydrate ( M4P3·(H2O)3). The first three 

compounds have a melamine-to-phosphor (M:P) molar ratio of 1.0 and have been known as 

flame retardants for more than half a century. Starting from MP, the latter two can be obtained 

successively by thermal treatment as a result of dehydration reactions. Recently, a large 

interest has arisen in melamine phosphates that have a M:P molar ratio > 1.0  because of their 

higher thermal stability. The fourth compound M4P3·(H2O)3  is a prime example of this.   

 All structures discussed in this thesis have been determined using X-ray powder-

diffraction data as no single-crystals could be prepared. For this purpose special direct-space 

search methodology has been developed.  

In chapter 1 a brief introduction is given to X-rays, crystallography and the concept of 

crystal structure determination from powder diffraction data. 

In chapter 2 a new direct-space search approach is discussed, developed for structure 

determination of organic compounds and used to solve the three most complex melamine 

phosphates (MPy, MPoly and M4P3·(H2O)3) investigated in this work. The underlying 

approach, an energy-guiding Monte-Carlo algorithm, is based on a simultaneous global 
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minimization of the R-factor and a potential energy function and employs a local 

minimization of the R-factor at each step of the Monte Carlo random walk. The performance 

of the algorithm is tested at a series of organic compounds. 

Chapter 3 discusses the program suite Organa in which a more versatile version of 

the above-mentioned energy-guiding Monte-Carlo algorithm has been implemented. The 

initially proposed approach has been supplemented, amongst others with options for soft-

distance restraints and a global optimization of preferred orientation. Also a grid-search 

algorithm was added to Organa as a complimentary tool for structure solution. 

In chapter 4 the crystal structure of MP is presented as determined from high-

resolution synchrotron powder-diffraction data. Although X-ray diffraction and X-ray powder 

diffraction in particular are known to have a limited sensitivity with respect to determination 

of the positions of the hydrogen atoms, a hydrogen-bonding model could be proposed. This 

model has been corroborated fully by solid-state NMR experimental data and in particular the 

single protonation of the melamine moieties was confirmed.  

Chapter 5 presents the crystal structure of MPy as solved using Guinier data and 

refined using synchrotron radiation data. The proposed hydrogen-bonding model was 

corroborated by solid-state NMR and periodic DFT calculations. It appeared that both 

techniques are sensitive enough to predict melamine protonation but can not give decisive 

results for the proton distribution between the phosphate moieties. A comparison of the 

crystal structures of MP and MPy allowed to propose a mechanism for the (de)hydration 

process that takes place in the reaction MP ↔ MPy. The analysis of the melamine packing in 

various melamine complexes and salts, including MP and MPy, revealed typical melamine-

packing motifs. It is argued that these motifs are also likely to be present in other melamine 

phosphates and this turned out to be particularly helpful for the structure determination of the 

compounds discussed in Chapters 6 and 7. 

In chapter 6 the last compound from the 1.0 series, MPoly, is analyzed. The crystal 

structure of MPoly was determined from Guinier data. Similar to the cases of MP and MPy, a 

single protonation of the melamine moieties was corroborated by solid-state NMR data.  A 

comparison of the packing in MPoly and its precursors allowed to accomplish the picture of 

the structural transformations that occur during the endothermic dehydration processes in the 

reaction path MP → MPy → MPoly. 

In chapter 7 the crystal structure determination of M4P3·(H2O)3, and its packing are 

discussed. The successful structure determination of this compound with 10 independent 
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moieties in the asymmetric part of the unit cell (described with 51 degrees of freedom) 

illustrates the abilities of the modern direct-space search techniques. The use of solid-state 

NMR data at the stage of structure determination allowed a 50% reduction of the trial 

structures to be considered. The structure analysis of this compound and its comparison with 

other melamine phosphates reveals packing and bonding characteristics that are expected to 

be of importance for the future analysis of its higher-order condensates. 

The work carried out in the framework of this thesis has given a first insight into the 

structural characteristics of melamine-phosphate based flame-retardants. The developed new 

methodology for crystal determination from powder diffraction data has proven to be able to 

solve structures up to a high complexity (~ 50 degrees of freedom). Because of the hydrogen- 

bonding networks in melamine phosphates, a combined approach of X-ray powder diffraction 

and solid-state NMR analysis was essential. 
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