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ABSTRACT
Spectroscopic Studies of Melamine at High Pressure
By
Martin D. Galley
Dr. Michael Pravica, Examination Committee Chair
Professor of Physics
University of Nevada, Las Vegas
We have performed mid- and far- Infra Red (IR) aapson, Raman

spectroscopy, and angular dispersive x-ray diffoac(XRD) studies on melamine under
high pressure and room temperature. We have eetfie presence of two prior reported
phase transitions, the first between 1 - 2 GPa,thadsecond between 7 - 9 GPa. We
have also found evidence of a third unreported @hessition between 14 — 16 GPa,
during which, there was a sudden disappearanct lofaaenergy peaks (<500 chy in
both the Raman and IR spectra. The far-IR peakemewnt experiences a discontinuity
as the rate of peak movement suddenly changes. XRi& pattern shows a dramatic
change in crystal structure between 11 and 16 GFa.observed softening of the N-H
symmetric and anti-symmetric vibrations with pressisuggesting that intermolecular
hydrogen bonding increases as the intermolecuktamtte decreases similarly to what
was observed in TATB [20]. The molecular decomgimes data from core intra-
molecular peaks of mid IR and Raman show compktersibility, giving evidence that
the melamine did not chemically decompose at higisgures. Melamine merits this
investigation into its high pressure behavior aas many similarities with some high
explosives. The closest cousin to melamine isstendary explosive TATB, which is
in the same symmetry groupd16]. Understanding the exact science of expksig



an extremely difficult process, therefore approaghhe problem from the examination
of a similar inert compound may help yield a bettederstanding of explosives and the

novel routes to the synthesis of ultra-hard matesach as ¢N,4
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CHAPTER 1

INTRODUCTION

Melamine C5NgH,) is an industrially synthesized chemical whicloften found
in household dishware. When treated with differ@mmicals such as Formaldehyde, it
works as an excellent fire retardant [1]. Evenhwitt treatment, melamine will not
combust or even burn very well, yet, it has a veimilar structure to a well known
explosive, TATB, which, like melamine is in tlig, symmetry group. Such a disparity
between the two compound’s behavior raises questasnto why one is an explosive
(TATB) whereas the other is a fire retardant (mah@) Melamine has an s-triazine ring
of alternating carbon and nitrogen atoms with thae&no branches. As depicted in

Figure 1:

MH, NO,,

H,N NH,

O,N NO,
H,M H. NH,

Figure 1: Structural model of melamine (left) [2|dBTATB (right) [3]

The amine branche’s high nitrogen content have ledalmelamine to be detected as a
faux protein which, being toxic, resulted in theaet tainted milk epidemic in China
where melamine was added to infant milk as a cipeajgin additive [4]. Melamine may

under high pressure and temperature, become an hdnd-carbon nitrid€;N, with a



bulk modulus greater than diamond [5]. With alésb questions, understanding the
behavior of melamine under extreme conditions Wwél very helpful to the scientific
community. To the best of our knowledge, we presethis thesis the first far-IR study
of melamine at high pressures and the highestre$R study of melamine to date.
CHAPTER 2
EXPERIMENTAL TECHNIQUES AND COMPUTATIONAL METHODS
Light Sources: Lasers

To perform the Raman spectroscopy experimentgla imtensity monochromatic
narrow bandwidth light source is required. An ardon laser was used because of a
laser's spectrally narrow beam profile and highemsity. The beam profile and
narrowness is determined by a multitude of facémd equations. Within the resonating

chamber (the cavity) of a laser there are a certamber of modes/j available based on
[7]:

A _C
V=0

wherel is the length of the cavity and c is the speeligbt in a vacuum (as an example
the red peaks in Figure 2 are separated by a dsg?)n As a rule of thumb, the longer

the cavity, the fewer the modes, and the greatesdiparation of the modes. The mirrors
on each side of the cavity are not perfectly pataib there are other modes (or multiple
wavelengths) that resonate. This results in séveoaes that simultaneously resonate
and a wide range of lasing wavelengths (roughlyn@wide), which is not spectrally
narrow enough to perform Raman spectroscopy. Twahe beam profile, a prism is

placed inside the cavity to disperse all the wawgtles of light that are not wanted and



allow only one wavelength to pass straight throtlgh prism and be amplified in the
cavity [6].

There is a delicate balance between the lasensityeand spectral bandwidth.
The greater the gain, the more modes that fit witthie gain bandwidth line which
implies that there will be a greater range of unwdnemitted wavelengths (the right

image in Figure 2 can help visualize this).

Cavity Resonance Modes and Gain Bandwidth

Multimode
output

Gain
Laser Qutput Power

Cavity Transmission

Wavelength Wavelength
= Cavity Modes &= Gain Bandwidth

Figure 2: The red lines are the modes presentavay, while the yellow line is the line
function or the gain bandwidth. When both compdsieh the power equation combine
they make the red line on the right image. The enatknsity fits inside the line function
envelope [31].

Lowering the gain implies lowering the number ofciexd atoms in the population
inversion and decrease the intensity. The widttheffrequency distribution (i.e. the line
function), is most dependent on the temperaturen gaedium, and function of
population inversion. These equations and conc&pisser power are a summarization
of the notes taken in a laser theory course tabgtRrofessor Victor Kwong at UNLV

and from the bookQuantum Electronics by Yariv Amnon. The right image in Figure 2 is

the compilation of two equations which are derifredn the following equation [7]:



2P, 1T, L(v) 1
(1 — Re@!)2 1+ 4Remsin2_(,8v)l
(1 — Re%!)?

Py(v) =

P, is the power] is the cavity lengthT;is the transmission through the exiting mirror,
L(v) is the line function which forms the shape of ¢fain bandwidth, R is the reflection
coefficient of the two mirrorsg is the gain coefficient, anfl is the phase shift length.
The equation can be broken down into two pdifs)and T(v). A(v) represents the
frequency mode envelope or gain bandwidth in Figuirand is described by the line
function and reflectivity of the two mirrors as ses the following equation. To
simplify the equation, it is easiest to assume thatactive medium has been removed
(¢ =0):

L)
Alv) = —(1 — Ry

T (v) represents the mode frequency and width, as caedein the next equation.

1

T(v) =
1+ ﬁsinz (ﬁl)

The red lines labeled “cavity modes” on the lefaga of Figure 2 arE(v).

With the gain bandwidth sufficiently narrow, theigadequately high, and the
modes separated, an etalon can be placed insidegbeating chamber to further alter
the effective length of the cavity to fit a singlede. This will create a narrow Gaussian
distribution of the beam profile, however, there adge effects that could result in other
wavelengths lasing with enough intensity to altee Raman spectra. A spatial filter
placed after the laser is a quick solution to knoakthe edge effects not corrected by the

laser apparatus. This results in a very smoothremtbw Gaussian distribution of the



beam profile, centered around the desired waveien@ne can now be confident of a
minimal error in the chosen wavelength, which makes laser a good choice for
performing Raman spectroscopy.

The intensity is also important when detecting Rarshifts, because, out of
roughly every 10 photons, only one or two will experience an inttasollision and be
detected. This could lead to very long acquisitiores for a low intensity laser.

Light Sources: Synchrotrons

Synchrotrons proved to be vital in many of thesgeexnents as they can provide
high photon intensity as well as wide energy rangése High Pressure- Collaborative
Access Team (HP-CAT) of Sector 16 in Advanced Pihdource (APS) at Argonne
National Laboratory (ANL) and the U2A infrared bdara in the National Synchrotron
Light Source (NSLS) at Brookhaven National LabonatdBNL) were the two
synchrotron facilities used for the x-ray diffraoti XRD) and infrared (IR) studies
respectively. Infrared experiments require a wialege of frequencies to interact with
the sample in order to determine which energieteekond vibrations; whereas angular
dispersive x-ray diffraction experiments requirelighly monochromatic light source.
NSLS utilizes a bending magnet to create the bb@madiwidth of light whereas at APS
we use an undulator. Light is created as an eleds accelerated, so bend magnets
accelerate the particles around a curve to prodigbé. The critical wavelength of

light(4.) created by the bending magnet is determined byatties (R) of the light curve

divided byy (y = —) [8]:




The electron energy throughout the storage rirkgpt constant. The curve’s radius was
designed so that the critical wavelength of thedbeagnet produces light in the infrared
region.

An undulator (insertion device) works in a simifashion to bending magnets;
the critical difference is that instead of a sinigénd, the electron beam is forced onto an
undulating path down a straight section. The sd&cbscillates quickly enough that its
wave function overlaps with the photon wave packeitted in earlier bends causing a
coherent superposition of emitted radiation. Thereate narrow frequency pulses of x-
rays with very high intensities proportional té Where N is the number of undulations
[8]. The photon count per second produced in aingnmagnet is roughly $dwhile in
an undulator, the count is fpdecreasing experiment times by a factor of 100 }8ray
diffraction experiments require monochromatic liggot normal optical gratings are not
applicable to hard x-rays. To create monochromdight, a silicon crystal
monochromator is used. Hard x-ray beamlines crdtgeed radiation using two crystals
via x-ray diffraction, by taking advantage of theaBg equation to pass only the
wavelengths desired. They are known as KirkpatBakz (KB) mirrors.

X-ray Diffraction

The atoms in a crystal are arranged in one of @elyen lattice systems [9].
These structures are determined by the lengthisreé tprimitive translation vectors a, b,
and c as well as the angles between thef) andy. These parameters can be arranged
to form cubic, trigonal, hexagonal, tetragonalhorhombic, monoclinic, and triclinic
systems [9]. Each of these systems contains dattichich form a unique set of lattice

planes inside the crystal structure. An incidembtpn of light can elastically scatter off



the electron cloud surrounding each atom to coaswely interfere and form a plar
wave, provided the int-atomic distance is a multiple of the wavel¢ of incident light.

Using Bragg’'ssquatior:
nA = 2dsinf

one can utilize the angle of the diffracted lightrg with a constant wavelengof light
to determine the inteatomic distances. Whensing = % there is an obvious spike
the photon count which impliethat a lattice plane is present at that al satisfying the
diffraction condition Once the peaks are determined to beertain angles, one can
decipher the cryal structure. -rays are high energy phototigatcan penetrate into the
bulk of a materialvhere the lattice structure is relatively consti Most materials have
an interatomic distancon the order of a few angstroms whigguiresthe wavelength
of light to be ofthe same orde

A doublecrystal monocromata uses this principle by changing the angle of
crystal @) to filter a specific wavelengt The rotated cryst diffracts the desired

wavelength out at an an of 20, whereasthe second crystal catches this beam

redirects the beam back towarc original incident directiorfsee Figure .

Path :

Path 1

N N

Figure 3 A double crystal monochroma with two different angles to show hc
different angles capture derent wavelengths.
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As a structural phase transition is approachedndgeeasing pressure, the crystal
structure will begin to re-arrange itself to lowi&s free energy. This will cause the
diffraction peaks to simplify if the new phase egents a less complicated lattice system
with more symmetry (such as an orthorhombic stmectransitioning into a cubic). If the
lattice converts to a more complicated phase, Bgsmetric crystal system, the
diffraction peaks might split and new peaks may eappwhere there were none
previously. This is due to new lattice planes fogndue to the more structurally
complicated lattice. By observing XRD spectra wittessure, we gather evidence for
phase transitions.

Ruby Measurements

Ruby has two fluorescence peaks which are wellushented and used to
determine pressure in both hydrostatic and nondsgdtic conditions. The jRline
generally has a wavelength of 694.25 nm at atmagpbeessure [10]. As pressure is
increased, there is a decrease in the energy $eyparation. This decrease in energy is
noted as an increasing wavelength that is commoséd for determining the pressure
inside a diamond anvil cell (among other methods$)igure 4 shows the electronic
structure of ruby and illustrates that the electrprmp to theé'T, and the*T, band when
excited before decaying via vibrational energyhte“€ band, which is metastable [10].
The electrons further decay to the ground staterbiting a photon which is detected by

a spectrometer.
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Figure 4: Ruby Electronic Structure [10]

The ruby pressure versus wavelength curve wasnailgicalibrated with pressure using
the equation of state (EOS) of NaCl [11]. This waperimentally tested up to 20 GPa
with a high degree of accuracy. Upon increasirgsgures to greater than 20 GPa, the
accuracy begins to deviate from the linearity of thaCl EOS [11]. Therefore, the
fluorescence wavelength has been mapped to folenfdllowing equatiorP (Mbar) =
(19.04/5) {[Qo+AN)/Ao)>-1}, where A, is the atmospheric pressure wavelength of ruby
[11]. This achieves a high degree of accuracyaufp0 GPa and was calibrated with
specific volume measurements of four different hsetander pressure. The maximum
uncertainty at 100 GPa is slightly greater than ®ile below 20 GPa the percent error

is around 0.1% [11]. The plots in Figure 5 are twby spectra taken during the Raman

9



experiment, which demonstrates the change in thek p®sition with pressure and

spectra linewidth broadening.

12.60GPa

ambient

690 Wavelength (nm) 705

Figure 5: Two ruby spectra taken at different puess.

Raman Microscope
Raman spectroscopy was performed using a Spebyrsid3 BeamLok® argon
ion laser tuned to 514.5 nm as the excitation suithe laser was set to 35 mW for the
experiments, to increase the signal to noise rasmpposed to the typical power output
of 5 mW. Unwanted laser heating was not an issumelamine does not experience any
change in its structure up to 600°C and diamondseacellent conductors of heat [2].
The laser beam would enter a Nikon MM-40 Measuifigroscope, pass through and
reflect from a beam splitter and enter a 20x objeabnto the sample. A higher power
objective was not used due to spatial restrictiassociated with the size of the DAC.
The objective would collect scattered light, pddsack through the beam splitter and out

the exit port of the microscope and enter to theilddo Jobin-Yvon Triax 550®

10



monochromator. Before entering the monochromatas, light would pass through a
double convex lens with a focal length of 45 mnheTaser beam diameter at the lens is
2mm which yields an f-number of (f# = 22.5) withire f-number of the monochromater

(f#=6.4), but at a poor resolution. The Ramansé&shown in Figure 6.

Spatial filte ][

Samplt {:‘g

Microscope - )

A

Holographic Notch
Filter

Beam Splitte /'4/ v L .

A

Figure 6: Raman schematic measuring system [13]

The detector we used was a Princeton Instrumemquigllnitrogen cooled Spec 10
CCD® (Charge Coupled Device), which was the phatoanter. The liquid nitrogen

reservoir maintained the CCD temperature at -1200tCGhe experiments. The CCD is

11



1340 pixels wide and must be manually calibrated vi@velength position using a
spectral lamp. The monochromator grating has 1@@3/mm which yields a range of
~1200cm™. We used four wavelengths to calibrate our ingagtd range ( 534 nm, 565
nm, 615 nm, and 700 nm). This was accomplishealgusiUVP neon pen-lamp, which
has multiple emission lines at each of the chogerttsal ranges. The emission lines

used for each range are written in table 1.

Spectrometer Wavelengthm)

534nm | 565nm | 615nm | 700nm

520.39 | 574.83 | 607.43| 692.95

533.08 | 576.44 | 609.62| 702.41

534.11 | 580.45 | 612.85| 703.24

540.06 | 582.02 | 614.31| 717.39

Table 1: Spectrometer wavelength and emission fieggiencies used in calibration.

Our calibrations were performed once and checkilmittently to determine the

reproducibility of the monochromator driver. Theoe of reproducibility was withiq%

of a wavenumber. This is within the spectromegsplution of 1.02m™ per pixel.
Peak Analysis
To determine the peak center, the PeakFit® progras used. The peak type
chosen was generally a Voigt profile, which is ambmation of Gaussian and Lorentzian
profiles [14]. This hybrid profile is chosen duettvo different effects that broaden the

peak center. A Gaussian profile is created by#ecity distribution of particles in the

12



sample as well as the active medium within therlgge The Lorentzian profile is
caused by the Heisenberg uncertainty principle,engpecifically the time it takes for
photon emission [7]. If the time it takes for tiecited atom to emit is = At then the

hc

uncertainty isAE = g The dependence on wavelength with respect tgneAl = v

which is the natural line width as well as the lmapgan profile [7]. The signal to noise
ratio for the Raman spectra was high for these gaiats and were consequently
smoothed using a Fast Fourier Transform. This ireguthe data to be Fourier
transformed, truncated, and then reverse transthrnidis operates under the idea that
the spectral noise is of a higher frequency thansiectral bands within the transform
domain [15]. The truncation removes high frequedeya and ultimately lowers the
signal to noise ratio. The error in the fitted lpeantroid was determined as a standard
error reported by the PeakFit® software.
Vibrational Spectroscopy
Infrared spectroscopy detects the transitions betwebrational and rotational

modes of molecules [16]. For the experiments olamime, the rotational modes can be
mostly ignored because melamine is in solid stat®a@m temperature, thus frustrating
the translational and rotational movement of théeqdes. Assuming that the vibrations
are small allows the potential energy of the mdecibonds to be approximated as
though it is a simple harmonic oscillator. Thegfrency is calculated to be a function of

the force constant (k) and the reduced mass ddttiras () [16]:

1 |k
2w (U

13



(For these experiments the pressure will be inetaghich will result in a decrease of
intermolecular distance, causing an increase incthdombic forces and ultimately the
force constant, via anharmonic interactions. Tioeee for our experiment we expect the
frequency of our vibrations to increase with presguA quantum harmonic oscillator is
known to possess a function of the frequeneynd have discrete energies separated by a

vibrational quantum number v as follows [16]:

1
Evzhv(v+§>

The only electric dipole allowed transitions betwegbrational energies occur when

Av = +1. The abscissa and ordinate values are geneeglbrted in IR and Raman to be
the intensity versus the wavenumber. A wavenundeeoted a¥, has the units o;fl%

and is related to the frequency by

<X
Il
al<

The wavenumber is a relative wavenumber that is@mowvith respect to the incident

laser wavelength:

VO _Vf

V= c
where vyis the frequency of the incoming laser light andis the frequency of the
scattered light.
Fourier Transformed Infrare@{IR) Spectroscopy
To be infrared active (i.e. observed), certain cd@a rules must be met. Most
importantly, the electric dipole moment of the nmolle must change when it vibrates

[17]. The emitted photon is classically thoughtaefthe electromagnetic field interacting

with the molecules oscillating electric dipole dagsit to absorb the incident photon and

14



vibrate. This only requires the dipole moment harge; there need not be a permanent
dipole either before or after the transition takésce [17]. More on the selection rules
will be covered in the group theory section disedsisiter.

Infrared spectroscopy can be performed by studynty a small range of
energies at a time with a monochromator. Usingoarier Transform spectrometer
enables several frequencies or wavenumbers to &miegd simultaneously without a
loss in data and requires a polychromatic souffiee FTIR method uses an Michelson
interferometer to produce an interferogram whicbvmtes a quick way of analyzing a
wide range of wavenumbers in what is called thetiplak advantage [18]. The
interferogram pattern exists in its frequency domand while in that state, the data
displays the power density variation as a functbrihe difference in path-length. To
translate from the frequency dimensions to spagesions a Fourier Transform pair is

used in [18]:

1(5) = f B(¥) cos 2178 d7
0

[oe]

B(5) = f 1(9) cos 2178 d6
0

The second equation shows a variation of interestya function of difference in path
length [18], this is the form all of the IR datapieesented in.

Raman Spectroscopy
Raman spectroscopy is a vibrational transition at&te method very similar to infrared.
Both methods work complementary towards one anpther to the differences in which
they stimulate and detect the vibrational trans#&io In Raman scattering, a photon is

temporarily absorbed by a molecule which tempaorapilaces it into to a forbidden
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virtual excited state. When the molecule retumig ground state, it must discharge the
extra energy as a photon again. The vast majofitige time that photon is emitted with
the same energy it was absorbed with, via elastittexring or Rayleigh Scattering. On a
rare occasion (about 1 in ®@he photon inelastically scatters, resultingtie molecule
going to an excited vibrational state obeying the = +1 selection rule, where v is the
vibrational quantum number [18]. The emitted pnotoll have more or less energy than
it arrived with, depending on if the molecule waady in the excited vibrational state
or in the vibrational ground state respectively.the outgoing photon has more energy
than it arrived with, this is known as Anti-Stokesattering and if there is less energy
than initially, it is Stokes scattering [16&17]. h& Boltzmann distribution shows that a
significant majority of molecules will be in the aymd vibrational state at ambient
temperatures, so the number of molecules which dvby@ excited is larger than the
number of molecules which will be de-excited. Thhe Stokes scattering has a stronger
intensity than Anti-Stokes.

A very well detailed description of the theoretidaackground of Raman
scattering is given inintroductory Raman Spectroscopy by John Ferraro. In the
following, the key aspects are summarized, as téiken Ferraro [15]. A Raman active
mode changes its polarizability as it vibrates whsran IR active mode changes its
dipole moment with vibrations. A well known condit that helps determine if a mode
is Raman or IR active is the mutual exclusion pplec If a vibration is symmetric with a
center of symmetry, then the mode is Raman actitenbt IR active, however; if the
vibration is antisymmetric with respect to the esraf symmetry, the mode is IR active

but not Raman active.
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Determining if the polarization changes in a vitmaal mode can be determined
by examining what happens when a laser is diregtedmolecule. The intense incident
photons from a laser produce a strong electromagfield that excites the vibrational
modes and is given by

E = Eycos2m vyt

and produces a dipole moment:

-E = aE, cos 2mv,t

Qi

B

Where P and E are vectors in the x, y, and z dinecindd is the polarizability tensor,

this can be rewritten as

P, Axx  Oxy Qxz]|Ex
Pyl =1%x Qyy Qyz||E,
P, Azx Ozy Azz E,

The polarizability tensor is symmetric becausehefdssumption that the energy is stored
as potential energy i.edy, = @y, Ax; = Az, anda,,, = a,,. When one of the tensor
values change under the influence of an oscillatlegtric field, the polarization changes
as a result and the vibration mode is consideradaRaactive. Let us assume that the
molecule vibrates with frequenay,, then the nuclear displacement is

q = qo COS 2mv,,t
Assume a small amplitude of vibration and thuspblarizability tensor can be linearized

as a function of q

17



In this casex, represents its equilibrium polarizability aé%g) is the rate of change of

the polarizability. When the equations are comijwee obtain:
1
P = ayE, cos 2m vyt + > (0a/0q)oqoEolcos{2m(vy + vy )t} + cos{2m(vy — v, ) t}]

Here, thev, is the elastically scattered light frequency ahltbe Rayleigh scattering
frequency, and,,is the inelastically scattered light frequency loe Raman scattering

frequency. The termgv, +v,,) and (v, —v,) refer to Stokes and Anti-Stokes
. . . . . . Ja\ .
frequencies respectively. If there is no chamgthe polarization theéa) is zero and

the mode is considered to be Raman inactive.
Group Theory

Determining whether a mode will be RF active, IRi\ag or not active at all is most

easily determined with group theory. A mathematigpaup always contains a well

defined set of symmetry operations that must safiséir group axioms; the axioms
include closure, associativity, an identity, andiaverse [16]. In the group theory for
molecules, there are five operation/elements usedeparate the different molecular
symmetries into groups. The identity, rotatiorfleion, inversion, and the improper
rotation will categorize each molecular arrangematd a symmetry group which all

share certain traits brought about by their symyngi6]. For example, based solely on
their symmetry, HO and SQ@ both belong in the £ symmetry point group and both are
non-polar and parallel to their principal axis. ingsthe point group to determine which
modes are IR and Raman active requires a chartatier[16]. A detailed description of
developing a character table can be founBhysical Chemistry by Peter Atkins and de

Paula and is summarized in the following paragfaph
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Developing a character table for a specific grougst frequires a matrix
representative of all of the operations that makehat group, e.gD(a,,) for a vertical
plane mirror operation. Next, a set of matricescWhiepresent all the group operations
are placed into matrix representatibn A matrix representation should be reduced and
diagonalized until it cannot be further reducedit ttepresentation is then referred to as
an irreducible representation. All of the irrechlei representations are placed into a
character table and the molecular orbitals can &sigaed to specific irreducible
representations (irreducible. rep.). Each irrelolecrep. is a type of possible vibrational
mode on a molecule. If that mode is IR active, dhgtal must be a linear orbital x, vy,
and z. A Raman active mode must have quadratitatslassigned to the mode such as
X2, y2, 72, Xy, yz ...etc. Melamine is in thepoint group and possesses the following

character table [16]:

Character table for D3, point group

E|2C3|3C"|on| 25|30, r(')'tr;‘fiirr’]s quadratic
Al 1 |11 |1 X>+y?, 7
Abl1l |1 (11 |1 [R
E' (2|1 110 |k y) |3y xy)
A1l |1 |-1]1 |
A1l |1 |11 1 |z
E"|2]-1 |0 |-2|1 |0 |(Rw Ry |(Xz,Yyz)

Table 2: The E' and’, irreducible representations have infrared actioeles
while the A3, E', and E" have Raman active modes [19].

Infrared Spectroscopy Experimental Setup
Two separate IR experiments were performed on me&am the far IR and mid-

IR ranges. Both experiments used the same synmsyte Diamond Anvil Cell (DAC)
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with the same type of gasket (stainless steel,eg8®d or 316). The melamine used was
of spectroscopic quality (>99.9%) from Alfa Aesar@d was from two different
“batches” of melamine.

For each experiment, the gasket was prepared anséme manner by pre-
indenting a stainless steel gasket (~250 um thenend then drilling a sample chamber
with an Electric Discharge Machine (EDM). The dard culet was roughly 300m in
diameter and the same IR quality, low fluorescenhgee Il diamonds were used for both
experiments. For the mid-IR experiment, the gaskas pre-indented to ~5@m in
thickness with a sample chamber initial diametet2@um. For the far-IR experiment,
the gasket was pre-indented to a thickness qfr@zand had a sample chamber diameter
of 150pum.

The sample preparation for each experiment digergethis point due to the
differing individual requirements for each experithe In the mid-IR experiment, a
Bruker Hyperion Vertex 80v® microscope was usedhvét 20x30um IR beam size.
Potassium bromide (KBr) was used as a pressursntitimg medium as it is nearly
transparent in the infrared spectrum. KBr powdas placed inside the sample chamber
and then lightly pressed by the diamonds to enshee it was tightly packed in the
gasket. The gasket was temporarily removed andlitraonds were cleaned to prepare
them for the sample. To prevent a near complesergtion of the IR transmission, a
very thin amount of sample needed to be in the faoimmber. The sample was placed
directly on the culet of one diamond and both diachbalves were brought together to
crush the sample between them to roughly arbthickness. Excess sample was then

cleared from ~ % of the diamond face to enablehbiekground acquisitions. A test
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acquisition was performed to ensure that there svasifficient amount of sample to
collect data with reasonable signal to noise buttao much to block the transmission
signal. Once the sample thickness was deemedasatig/, a thermally-relieved ruby
sphere was placed inside the sample chamber tondete pressure and the DAC was
closed and sealed. After each pressure increaseywadackground spectrum was taken
by manually translating the DAC on the microscotsges so that the acquisition zone
was solely over the blank % of the sample chamb&his background was then
automatically subtracted away from the sample patte
For the far-IR experiment, a larger sample diamet®s required (~10Qm), as

the far IR wavelengths are typically of the sam#eor As far-IR is utilized for its ability
to detect intermolecular interactions, an amorphsuisstance with little or no far-IR
signature is needed. Petroleum jelly was usedhagpitessure transmitting medium for
our experiment which is transparent to far-IR wamgths. The diamond halves were
first brought together and touching without the peamand a background spectrum was
acquired. This background spectrum was subtraicted all of the collected sample
spectra. No further background spectra were talsechanges in background due to the
increases in pressure or the change in path lgmrgithuce no noticeable changes to the
spectra of petroleum jelly. Then, melamine powaas placed over the entire diamond
culet to ensure a maximum signal to noise. Lastlthermally relieved ruby sphere was
placed inside the sample chamber and then theeeasembly was sealed by manually
translating the diamonds to deform the gasket antpte enclosed. The far-IR detector

was a bolometer with a silicon chip cooled wittuldjhelium. The DAC was placed in a
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nitrogen gas purged chamber to remove any residagr vapor. The chamber was

aligned with a bolometer and the IR beam, in trassion.

The experiments were carried out at the NationatBsotron Light Source on the

campus of Brookhaven National Laboratory. The U&amline on the Vacuum Ultra-

Violet (VUV) ring was used as the IR source. Thek&r microscope collected data in

the 550-350@m ™! range and the bolometer collected spectra withént00-70Qm !

range. The “white” IR beam passes from the VU\grimto the U2A hutch via a wedged

diamond window. The spectrometers had a resolatigicm 1.
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Figure 7: Layout of the interferometer used atWi2é beamlines [19]
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Raman Spectroscopy Experimental Setup

The Raman experiment we performed using a symraglyie Diamond Anvil
Cell (DAC) with two type | low fluorescence diamandnd the culets were roughly 300
um in diameter. The melamine used was of experiatantality (>99.9%) from Alfa
Aesar®. Due to gasket imperfections and to eaaljufe the experiment had to be
repeated and resumed at pressures from the terpresdure of the first experiment. The
same melamine sample from the original source veasl and the gaskets were both
stainless steel. The data does not show any cHemmgeeither experiment (as expected)
so the Raman data is taken from both experiments.

In the first experiment, the gasket was pre-indgnée50um thickness and a 120
um in diameter hole was drilled by an Electric Desagfe machine (EDM). Due to the
thickness of the pre-indented gasket and the latgding diameter, the gasket failed
above 11GPa. A second experiment was then cordjuttis time the gasket was pre-
indented to 3@um and the hole was drilled to 9én in diameter. This gasket survived to
the desired 20GPa pressure. In both Raman exp@sntbe melamine was ground in a
mortar and pestle and packed into the gasket hitlearthermally relieved ruby sphere
for pressure determination without the use of agree transmitting medium.

There were three acquisitions taken, each was baites and taken over three
different spectral regions to capture all of thbrational modes discovered from the IR
experiments. The grating of the spectrometer wasoswere 534 nm, 565 nm, and 615
nm to examine the wavenumbers 83-138%", 1173-2291cm’, and 2700-360@&m™

respectively.
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The Raman spectral signal to noise ratio is najasl as it was for the IR data;
which resulted in several peaks disappearing imoblackground where the IR data still
showed existing peaks. This mostly caused a grpatk uncertainty at higher pressures
but the main analysis of the data was unaffectétle plots in Figures 9, 19, and 21
present Raman spectra stacked in order of incrggmiessure and show, among other
things, the decreasing intensities of the peakprassure increases and changes to the
spectral pattern.

X-Ray Diffraction Setup

The X-ray diffraction experiment was performed &-BAT in APS on the ID-B
beamline. The photons were hard x-rays at 0.408Athe data was collected on a MAR
345 image plate. The symmetric style DAC usedtier XRD experiment was the same
one used for the Raman and infrared experimentsstafkless steel gasket was pre-
indented to a 5am thickness using 30@m diameter culets. An EDM was used to drill a
120 um diameter hole in the gasket. To achieve a smgitkan size for a better quality
powder pattern on the XRD image plate the melammimas ground with a mortar and
pestle for 10 minutes. Two ruby spheres were plawe opposite sides of the sample
chamber to better determine the sample and thenmmedawas packed into the rest of the
chamber without a hydrostatic medium. The DAC wealed and the XRD experiments

commenced.
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CHAPTER 3
RESULTS AND DISCUSSION
Low Wavenumber

Figure 8 displays stacked far-IR spectral plotwitessure and Figure 9 is of the
stacked spectral plots of low wavenumber Ramare figure does not show any obvious
phase transitions at pressures below 14 GPa. Hawihe plots show the disappearance
of low wavenumber peaks above 14 GPa. To bestabsehere the phase transitions
occur we follow the peak positions and watch foy andden changes in either location
or rate of movement. Figures 11 and 12 represétedfipeak positions of far-ir for
selected vibrations with pressure. Few peaks énfaéin-IR region have been identified
[26 — 27], making it difficult to understand exactivhich bonds are being affected,
however; the peak observed near 60 'appears to correlate with the peak reported by

He et al. [21] near 3.96 THz (13217 1).
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A new peak appears at 1¢é~! at 2.12 GPa, which indicates a phase change daiggi
with an observed crystallographic phase changegu&RD, which is explained later.
Between 2 and 3 GPa, there is a change in the sfog@ious peak positions as observed
in Figures 10 & 11. For the low wavenumber Ramatadthere are also several trend
line discontinuities as well as new peaks that tigvbetween 2 and 3 GPa which gives
further credence to the phase transition at tressure region. The movement of peaks at
141 and 17%m?* exhibit trend line discontinuity behavior and daa viewed in Figure
12. The most evident example is the peak at &80 as it has a dramatic trend line
discontinuity as seen in Figure 13. Along with thenge in trendline movement there is
a new peak developing near 18%". Our IR, Raman, and XRD data all show evidence

of a phase transition between 2 and 3 GPa.
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There is believed to be another phase transitiam &eGPa [22-23]. The far-IR
data supports this as two new peaks appear neamtD825m~! between 7 and 9 GPa.
The suspected phase change at 8 GPa is still ubtiesand the only peak which supports
the idea of a phase transition at 8 GPa is near @87 (Figure 13). The peak
significantly shifts toward higher energy betweeartl 8 GPa, and then abruptly levels

off at 9 GPa and higher as shown in Figure 13.
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Figure 13: Raman spectra peak position for C-N bond

In Figure 9 as pressure is increased, all peakdugilly broaden, shifting toward
higher frequencies and diminish in intensity aseet@d. These peaks also exhibit an
increase in background. The increase in backgrevmdd normally be attributed to just
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an increase in pressure, as is often seen in higgspre studies. In this case, however,
there is a sudden loss of low energy peaks in th@tRaman and far-IR spectra, coupled
with a dramatic change in the diffraction patterkVith all three of our experiments
showing the same effect, we believe this may beraeported phase transition. In the
far-IR data, between 14.9 and 16.4 GPa, five IRKpahsappear between 130 and 320
cm~! (Figure 10). Within the remaining far-ir regio#00-600cm™), all peaks appear to
experience a slope discontinuity, further suppgrémidence of a phase transition. In the
Raman data the low wavenumber peaks (<888) all vanish above 14 GPa. The x-ray
pattern in Figure 26 displays a dramatic changerystal structure between 11 and 16
GPa. There is at least one new peak and the diaggquce of several other peaks. This
coupled with the IR and Raman data is strong ewéeri a phase transition between 11
and 16 GPa.

Mid Range Wavenumber
The mid range modes have been theoretically catmliland can be used to assign which
vibrations [26]. The symmetry point group tablealfle. 2) for theDs;,, group displays
the irreducible representations that symmetry affecIR studies A}, E’, andE"”. The
active Raman modes are comprised of &', and E" [19]. Melamine has a crystal
structure possessing eight hydrogen bonding pa#k [Although understanding which
peaks correspond to hydrogen bonds compared to btreds is not known. Strong
inter-molecular interactions make calculating salidte peaks difficult. This decreases
the certainty of whether or not a theoreticallycogted mode is truly representing the
observed vibration. With these issues in mind,aleh matched the theoretical and

experimental peaks for both IR and Raman specttgesisas possible. There are a few
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vibrations which should be IR inactive and insteagear in the IR spectra and the same
issues are seen in the Raman activity. This igrstdod to be a result of the hydrogen
bonding which change the interaction potentialghef system dramatically, ultimately
altering the vibration activity in the molecule [2Based on this knowledge and the work
from reference [26], the mid-IR peaks of melamirevén been determined and are
presented in Table 3. The presumed peaks betw®®® &nd 2000cm? are
predominantly C-N ring based, and can be more\easualized in Figures 14, 15, and

16 [28-29].
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Theoretical ¢m™) Infrared Ramar

[26] Experimentalém®) Experimental¢m™) Vibration Type
346/ 346¢ 346¢ NH, Stretching E’
341¢ 341t 3411 NH, Stretching E’
332( 333¢ 332t NH, Stretching E’
3125 [27] 3127 311¢ Symmetric Nk,
166( 1662 NH, Bending E’
1642 NH, Bending E’
162¢ NH, Bending E’
156¢ 156 Ring stretching (-N) [ E’
154¢ 155¢ 1547 Side-chain
antisymmetric
1531 152¢ Side-chain E’
antisymmetric
146¢ 145: Side-chain CN Ay
breathing
143¢ 143z 143¢ Ring stretching (-N) [ E’
119C 119¢ NH, Rocking E’
117¢ NH, Rocking E’
1022 1031 Ring breathing CI A’
81z 81¢€ Ring bending CM E’
76C Side-chain ou-of- A,
plane CN bend
73C Ring Bending CMN A" 5
61¢ NH, Wagging A’ 5
581 587 584 Ring bendin: Ay
51¢ Side-chain ir-plane E’
CN bending

Table 3: The compilation of theoretical, infraradd Raman vibration peak
wavenumbers. Blank sections are either due tontbae being inactive or the error
proved too great to include the peak.
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Figure 14: Eigenvectors of the calculated modehérrange 1450-1508n™. Starting
from left to right these vibrations are predictede 1485, 1485, and 146" [26]
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Figure 15: Calculated vibrational modes from leftight, 1599, 1592, and 15@fn™
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Figure 16: Eigenvectors of calculated modes betv®®r1000cm™. a.) 645cm™
b.) 966cm™ c.) 578cm™ d.) 674cm™ e.) 830cm™ [25]
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Examining the mid-IR stacked plot (Figure 17) gane obvious signs of any
phase transitions. There are no new peaks orwitedramatic changes in the spectra
between 1000 and 200ém*. The peak positions increase smoothly with pressu
showing no signs of a phase transition (Figure ¥8)the pressures of the first two phase
transitions, (2-3 GPa and 8 GPa) the Raman shdiles dhange either visually (Figure
19) or with peak position (Figure 20). With botypés of vibrational spectroscopy
passing two previously determined phase transitatisout any noticeable change leads
to a possible conclusion which is complementedieywtork of X.R. Liu et al [30]. Their
results state that the peaks increase in wavenumbeotonically and with no indication
of a phase transition at either 2 or 8 GPa. Thd mnhge wavenumber peaks are
predicted to consist of ring based (C-N) vibratid@§]. Therefore, the consistent
movement of the peaks implies that the s-triazing is most likely unaffected by the

structural transitions with its unit cell as wasatoncluded by the work of X.R. Liu[30].
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There is a significant trend line change in the8l58d 154%m™® Raman peaks

with pressure after 14 GPa, which coincides with pinessure of the unreported phase

transition (Figure 20). This is the only eviderafethe 14 GPa phase transition when

observing the mid range IR or Raman.
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Figure 20: Raman spectra peak position for ring GeNds

High Wavenumber Studies in the 2800-3680" Range

There are four anomalous peaks which weaken assyme increases. These

peaks are observed in both types of experimentgtadbehave identically. Figure 21

shows a stacked plot of the high wavenumber Ramparenent and the movement of

the peaks becomes evident. The two most obviousemare identifiable to vibrations

near 3125 and 3338n" for IR and 3116 and 332%n* for Raman, (see Figures 22 and
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23). Both vibrations decrease in energy dramdyicaith pressure. The other two 3000
cm* modes observed in the IR and Raman studies decieanergy, but only slightly.

Regardless, all high wavenumber Nbtaks show a decrease in wavenumber.
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Figure 21: Stacked high wavenumber Raman spectra.
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Figure 23: Raman spectra peak position for N-H lardtogen bonding related modes.
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This suggests that as the molecules are brougbkeérclbydrogen bonding increases. The
intra-molecular N-H bond may weaken due to eledtrodelocalization towards
neighboring molecules, implying a shift in electrdansity [23,30]. The bonds that
weaken are th&/H, symmetric and antisymmetric stretching bonds, such behavior
was also observed in TATB [23]. The decrease invienumber continues until 15
GPa, where it remains roughly constant or slighitreases. This further corroborates
our far-IR evidence of a possible phase transiabrthe same pressure. The peak
positions of the high frequency mid-IR vibratiorssaciated with thé&/H, group can be
observed in Figure 22. The 3116 and 3828 lines followed a similar path except that
they were lost in the background after 10 GPa. s Thould imply that the phase
transitions are mainly affecting amine brancheshe Raman plot containing the ring
vibrations shows the same behavior (see Figureti&3, giving further credence towards
X.R. Liu’s claim [30].
X-Ray Diffraction

Upon examining the XRD data, the argument forghase transitions claimed in
the IR and Raman gains even more strength. H.AetMa. [22] as well as M. Pravica et
al. [23] suspect that there is a phase transitediwéen 1 and 2 GPa. The XRD pattern in
Figure 24 contains two new peaks emerging betweand®23GPa. The difference in
pressure between the work of H.A. Ma et al. and @aun may be attributed to an

uncertainty with pressure since our experimentsidichave a hydrostatic medium.
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Figure 24: X-ray diffraction showing the first pleasansition. The arrows indicate the
peaks which have a notable change and give eviddrec@hase transition.

The crystal structure of melamine is reported tangje from triclinic to orthorhombic
between 7 & 9 GPa [22]. At the suspected preghgrpattern simplifies with the
merging of two peaks and the loss of another (E@%).What appears as the
simplification of the melamine unit cell lattice'stture would agree with the conclusion
that the structure is transitioning to a more aeddormation. There is no mention of
this in previously published x-ray studies, whergmsRaman paper by X.R. Liu et. al.
suggests that the peaks were lost due to highymeebsoadening. The IR and Raman
data did not show any changes peak movement howsserpeaks appeared in both
spectra between 7 and 8 GPa to further supportiaum of a phase transition. The most

notable change in the XRD pattern is seen betwéeantdl 16 GPa. The dramatic change
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in the crystal structure is evident as several peligappear (Figure 26), coinciding with
concomitant changes in the IR and Raman data. fari® and low wavenumber
Raman data show a loss in most peaks at this ti@msihich could imply a loss in the
intermolecular activity resulting in a change ie tmit cell structure of melamine and or

sample amorphization.
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Figure 25: XRD of the second phase transition. fleeging peaks and disappearance of
a peak (both are labeled with arrows) give credémtle phase transition near 8GPa.
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Figure 26: XRD showing the phase transition arolil®dsPa. There are several changes

between 11 and 16 GPa, some peaks disappear whekestione peak appears.
Decompression

The IR and Raman decompression spectra were takaerdiately after achieving
the highest pressure of this study (36 GPa). Huweehse and eventual disappearance of
the low wavenumber peaks may imply that the crystalcture may be permanently
disordered and/or amorphous. The IR peaks bel@®«88?! (Figure 8) and the Raman
peaks below 30@m™! (Figure 27) did not appear to return even at anmbpeessure.
The few peaks that did return are very broad ang lealowered intensity. When
examining the decompressed XRD data (Figure 28 mbrihe Bragg peaks returned to
their former @ positions. This gives reliable evidence of melzars inability to recover

long range molecular interactions to below 20 GPa.
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Figure 27: Raman decompression for low wavenumbers
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Figure 28: Decompression XRD. The melamine do¢gppear to return to its original
phase upon returning to ambient pressure.



Melamine appears to suffer no permanent intra-naddeadamage from pressure
cycling. The spectral patterns appear fully rendesas the Figures 29 & 30 illustrate.
All symmetric and antisymmetric vibrations alsouretto their original wavenumber, the
black triangle represents the ambient peak positiefore increasing pressure. The
Raman data between 1400-3668~1 concurs with similar results of peaks returning to

their original wavenumbers, suggested in Figurearg132.
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Figure 29: IR, C-N peak positions as a functionl@freasing pressure. Note that the
black triangles, which represent peak positioranabient conditions, are very close to
the original peak positions.
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NH2 Decompression
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Figure 30: IR peak positions of Nkith respect to wavenumber as pressure is reduced.
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Figure 31: Raman decompression for high wavenumbers
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Figure 32: Raman decompression for mid-range waweeus

CHAPTER 4
CONCLUSION
We have reported the first far-IR study of melamatehigh pressure (to
36 GPa) and have expanded the investigated pressge of this industrially important
molecule in the mid-IR region by a factor of sig@ @6 GPa). We have provided evidence
consistent with the occurrence of least two phasasitions near 2 and 8 GPa,
respectively, which were observed in earlier staf@?-23]. The far-IR and Raman data
displayed trend line discontinuities between 2 ar@@Pa. The XRD pattern exhibits new
peaks splitting from the previous and new peakseint At 8 GPa, the IR data revealed
new peaks which split off from earlier ones, and thffraction pattern simplified as
peaks merged or vanished. We have likely obseavednreported phase transition near

15 GPa for the first time. The mid-IR and Ramampesinent demonstrated near

47



complete reversibility of intra-molecular bonds.heTfar-IR and Raman experiments
suggests irreversible long range interactions witbssure cycling. The most easily
detected change for this pressure came from the,>dRBwing a dramatic simplification
of the crystal structure. This included the loksaveral peaks and the addition of a few
others; the most notable are denoted with arrow&igure 26. The symmetric and
antisymmetric N-H bonds weaken with pressure whiels also observed in TATB [23].
Our studies are useful in that we have examinet&havior of melamine, an industrially
important material under extreme conditions whiah @ontribute knowledge pertaining

to chemistry of the molecule at high pressure.
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APPENDIX

ANL — Argonne National Laboratory

APS — Advanced Photon Source

BNL — Brookhaven National Laboratory
CCD - Charged Couple Device

DAC — Diamond Anvil Cell

EOS - Equation of State

HP-CAT — High Pressure-Collaborative Access Team
IR — Infra-Red

FTIR — Fourier Transform Infra-Red

GPa — Giga-Pascals

LANL — Los Alamos National Laboratory
NSLS — National Synchrotron Light Source
TATB — Triaminotrinitro Benzene

UNLV — University of Nevada, Las Vegas
XRD - X-ray Diffraction
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