Dissertation zur Erlangung des Doktorgrades
der Fakultat fur Chemie und Pharmazie
der Ludwig-Maximilians-Universitat Minchen

Solvothermal and lonothermal Approaches to

Carbon Nitride Chemistry

Eva Antonie Wirnhier
aus

Landau / Isar, Deutschland

2013



Erklarung

Diese Dissertation wurde im Sinne von 8§ 7 der Pt@mnseordnung vom 28. November 2011
von Herrn Prof. Dr. Wolfgang Schnick betreut.

Eidesstattliche Versicherung

Diese Dissertation wurde eigenstandig und ohnelaurigte Hilfe erarbeitet.

Minchen, den 14.03.2013

Eva Antonie Wirnhier

Dissertation eingereicht am 14.03.2013

1. Gutachter: Prof. Dr. Wolfgang Schnick
2. Gutachter: Prof. Dr. Jirgen Senker
Mundliche Prufung am 08.05.2013



Meiner Familie



Acknowledgements

Herrn Prof. Dr. Wolfgang Schnick danke ich fur diefnahme in seinen Arbeitskreis und die
Betreuung meiner Doktorarbeit auf diesem sehr @ésanten und interdisziplinaren Thema.
Besonders bedanken mdchte ich mich fur die Freibwiitder Gestaltung der Arbeit sowie

Maoglichkeit, an zahlreichen Tagungen, Weiterbildemgind Kooperationen teilzuhaben.

Weiterhin mochte ich Herrn Prof. Dr. Jirgen Serfiéerdie Ubernahme des Korreferats und
fur die gute Zusammenarbeit in den letzten Jahaghkeh.

Frau Prof. Dr. Bettina V. Lotsch, Frau Prof. Dr.ri8hina Scheu, Herrn Prof. Dr. Konstantin
Karaghiosoff und Herrn Prof. Dr. Hans-Christian ®8ter danke ich fir die Bereitschaft, als

weitere Prufer zur Verfugung zu stehen.

Besonderer Dank geht an meine Vorganger und Nagdrfchuf dem CN-Thema, Nicole
Braml, Dr. Barbara Jurgens, Prof. Dr. Bettina V.dal, Dr. Sophia Makowski und Dr.
Andreas Sattler fur ihre Vorarbeiten, Ideen undel8echaft, dieses Thema immer wieder neu
zu erfinden. Vor allem mdchte ich unserem ,Hahnkorb®, Dr. Andreas Sattler, fur seine
Einfuhrung in die CN-Chemie danken und Nicole Bramid Dr. Sophia Makowski fur
zahlreiche fachliche und nichtfachliche Diskussigndie Abwechslung in den Laboralltag
gebracht haben!

Allen meinen (Ex-)Laborkollegen in D2.103, Dr. YammAvadhut, Nicole Braml, Dr. Cordula
Braun, Dajana Durach, Dr. Sophia Makowski, Christidinke, Katrin Rudolf und Dr.
Andreas Sattler, danke ich fur die schéne und \pali®iche Zeit und eine gute und
(zumindest zumeist) ordentliche Arbeitsatmosphérenserem ,Madchenlabor” ;-). Mbgen
unsere auf3eruniversitaren Labortreffen auch weitdastand haben!

Bei meinen Bachelor- und F-Praktikanten Sandra &id$anuel Guntner, Erika Muhlbauer

und Ruth Boller méchte ich mich fir ihre tatkraétignterstitzung bedanken.

Fur zahlreiche deliziose Mittagessen danke ich ereitochgruppe, die fir Abwechslung im
kulinarischen und chemischen Alltag und diverseesgnarkosen“ gesorgt hat: Dominik
Baumann, Erik Fligel, Cora Hecht, Stephan Hug, SelaJunggeburth, Alexey Marchuk,
Dr. Marianne Martin, Dr. Sandro Pagano, ,Maitreofian Pucher, Dr. Stefan Sedimaier,

Linus Stegbauer, Stephan Werner und Dr. Martin 2eun



All meinen Kooperationspartnern danke ich fir urigg& Messungen, hilfreiche
Diskussionen und ldeen, abwechlungsreiche Treffled einen vollen Emailaccount: Dr.
Markus Doblinger, Prof. Dr. Bettina V. Lotsch untiren Mitarbeitern Stephan Hug,
Katharina Schwinghammer, Brian Tuffy und Hongji WaRrof. Dr. Alexander Moewes und
Eamon McDermott; Prof. Dr. Oliver Oeckler, Dr. Tatp Gorelik und Tobias Rosenthal,
Prof. Dr. Christina Scheu und Kulpreet S. Virdi,oPrDr. Jirgen Senker und seinen
Mitarbeiter Kilian Barwinkel, Daniel Gunzelmann, K@ Lieb, Maria Mesch, Nadine Popp
und Julia Wack.

Fur technischen Support und die Durchfihrung zathlee Messungen hier am Department

mochte ich danken:

» Christian Argyo fur Photolumineszenzmessungen

* Nicole Braml und Dr. Sophia Makowski fur DTA/TG-Masgen

» Brigitte Breitenstein fir Massenspektren

* Robert Eicher, Gertraud Kaser und Susanne SatugrBidmentaranalysen
» Helmut ,Pico“ Hartl fir ICP-AES-Analysen

* Dr. Peter Mayer und Thomas Miller fur Einkristallesengen

» Peter Mayer und Christine Neumann fur NMR-Messungdrésung

» Christian Minke fur Festkorper-NMR-Messungen undMREDX-Sessions
» Florian Pucher fur Unterstiitzung bei sdmtlichersBea

» Marion Sokoll fur IR-Spektren

* Wolfgang Winschheim fur Unterstitzung in allen tesbhen Belangen

Allen weiteren Angehdrigen der Arbeitskreise Schpilohrendt, Lotsch, Muller-Buschbaum,
Oeckler und Schmedt auf der Glinne danke ich furoffase, freundliche Arbeitsklima und

ihre Unterstitzung.

Ganz herzlicher Dank ergeht an meine Studienkatidggt Hanecker, André Heuer, Frauke
Hintze, Andreas Maier, Sandra Lengger und NicoleinBach fur eine tolle Studienzeit

inklusive diverser regenerativer Mal3nahmen ;-)

Mein allergrof3ter Dank gilt meiner (nun bald erwe®n) Familie, vor allem aber meinen
Eltern und Martin, fur ihre Unterstiitzung, GeduliduErmutigungen wéhrend der gesamten

Studiums- und Promotionszeit.



Life ... is a relationship between molecules.

(Linus Pauling)



Contents

Contents
1. INEFOAUCTION .t e e e e e e e s e e bbb bbb e e e e e e e 1
2. SUMIMATY <.ttt ettt e e e etk e e o2t etttk e e e e e e e eb e e e e e esbmmmn e e e eeennnan e aaas 14
2.1 Melam, melam hydrate and a melam-melem adduct phase...........cccccceeeeeiiinnene. 15
2.2 Poly(triazine imide) with LiCl intercalation ...........ccccceeveiiieeeieeieiieeeeeeeeeeeenes 16
2.3  Phosphorus-doped carbon Nitride PreCUISOIS wmmmmm«eeeeeeeeereeeeerrrrrnnniinaeseeeeeaneees 19
3. On the Formation and Solvothermal Treatment of Melamn ..........cccccceeiiiiiiininns 22
I 0 | 11 {0 To [ [ 1[0 ] o IO PR PP PPPPPPPP 24
3.2 RESUILS N0 DISCUSSION ...uutuiiiiiii e e eeeeeeetiiiera e s e e e e e e e e e e e e eeeeeeeebsasnannsssn s 26
G TR T @] o (o3 U1 o] o NSRS 37
3.4 EXPerimental SECHON ........ccoooiiiiiiiiieeieii e s 38
3.5 BIDHOGrapNy ... e e e e 42
Polytriazine Imide — Structure, Properties and Posble Applications. .................. 45
4.1  Poly(triazine Imide) with LiCl Intercalation (PTHCI)............oovvvviiiciiiiiiiieeeeeeeeem 46
vt 0 [ (o o 18 ox 1 o] o RO PPPPPPPPPPPPPPPR 48
4.1.2 ReSUItS and DISCUSSION .....ccitiiiiiieeeeeatee et e e e e e e e e e 49
4. 1.3 CONCIUSION ...ttt emeeee ettt et e e e e e e e e e e e e e e e s s rnen e e e e e e e e e e e e e e nans 60
4.1.4 EXperimental SECHON ..........uiii it s e e e e e e e e e eeeeeeeeeeeeeeeeeeene 61
4.1.5 Bibliography .....cccoc o 64
4.2 Bandgap Determination of PTI/LICI.........oooeeeeeiiiiiieees e eeeeeeeeeee 68
4.2. 1 INTrOAUCTION ...ttt ettt et e e e e e e e e e e e e e e rr e e e e e e e e e e e e e e e e ans 69
4.2.2 EXperimental SECHON ..........uiiii it e e e e e e e e e e e e eaeeeeneeeeeennnes 71
4.2.3 DFET MOAEING ..evveeiiiiiiieeee e ettt eeee e e e e e e e e e 73
4.2.4 EXperimental DISCUSSION .............. s seensaaaeeeeeeeeeeeeeeeeesssnnnnnnn s seeeeeaas e s 76
4.2.5 CONCIUSIONS ...ttt e ettt seeae e s e e e e e e e e e aeeeeas 81
4.2.6 BibliOgraphny .....cooo o 83
4.3 Photocatalytic ACtivity Of PTI/LICH .....cooiiieeeiii e 85



Contents

5.2

6.1
6.2
6.3
6.4

7.1
7.2
7.3
7.4
7.5
7.6

Phosphorus-doped Carbon Nitride PreCursOrs .....cc.veveeeviiiviieeeeeeiiie e 96
BiuretoOXOPNOSPNALES .......vveiiiiii i e e e e e e ee e 97
5.1.1 Lithium, Potassium, Rubidium and Cesium Biuretodxagphate ................... 97
5.1.1.1 INErOTUCTION ...ttt e e e e e e e e e 98
5.1.1.2 Results and DiSCUSSION ..........oeimmmmmiiiiiiibiiiie e et e e e e e e 99
4.1.1.3 CONCIUSION ...ttt e e e e e 107
4.1.1.4 EXperimental SECHON ..........cc.es e e oo eeeeeeeeeeeeetinr e e e e e e e e 107
4.1.1.5 Bibliographny .......coooiiiiieieiiee e —————— 112
5.1.2 Calcium BiuretooOXOPhOSPNALE ..........ccoeii oo e e e e 115
5.1.2.2 INTrOUCTION ...ttt e e e e e e e e e 116
4.1.2.2 ResUlts and DISCUSSION ..........iiieeeeeaeeeeee e e e e e 117
5.1.2.3 CONCIUSIONS ...ttt e e e e e e e e e eeeeeeee e nnnnnees 122
5.1.2.4 EXperimental SECHON ............... s seeeeaeeeeeeeeeeeeeeeeeeeieennnennns 123
5.1.2.5 Bibliography ... 125
N,N’-Bis(aminocarbonyl)phosphorodiamidates.... . ....eeeeiiineeeeeeeeeeeeeeiiiiiiens 127
20 R 10T [FTox 1o o [0TSR 128
5.2.2 ReSuUlts and DISCUSSION ..........ccciiemmmmmmieeeeeeeeeeeeeeeiiiiss e e e aeeeeee e e e e e 129
A I O o] [od 111 o] o SRR 135
5.2.4 Experimental SECHON ........uuuiiuiiiimme e e e 135
5.2.5 BiblOgraphy ... 138
Discussion and OULIOOK ..........ooooiiiiiiiiii e 140
On the Formation and Solvothermal Treatment of lhela.............ccccoeiiiiiiiiinns 140
Polytriazine Imide — Structure and PropertieS........ccccvvvvvevevvviiiiiiiiiiie e eee e 142

Phosphorus-doped Carbon Nitride PreCUrSOrS wmmm . ciieeeeeeeeieeereervvnnnnnnnnnnnnnnn 144

210 [ToTe =T o] o /2P 147
Y o] 011 T [ TR 148
SuppPOrting INFOrMEALION .....ceeieiiiiiii e e e e e e eeeeeeeeeeeeeeees 148
List Of PUDBIICALIONS.......coeeiiiiiii s 167
ContributioNS t0 CONEIENCES ..........uuuet bbbttt e e e e e e e e e e e e e e e e e e sneeeeees 168
CSD and CCDC NUMDEIS ......uuiiiiiiiiiiiiiiieee e e e e e e e e eennaes 169
LiSt Of ADDIEVIALIONS ........uiiiiiiiiiiiiii et e e e e 170
CUITICUIUM VITAE ..ottt e e e e e e e e e e e e e s s e e e e e e e e eeas 173



Chapter 1: Introduction

1. Introduction

The search for new materials with outstanding clah@nd physical properties is an ongoing
guest in solid-state and materials science. Wighighlation of graphene, a “flat monolayer of
carbon atoms tightly packed into a two-dimensiofzd)) honeycomb lattice” (Figure 1),
Geim and Novoselovopened the gate to the prospering field of 2D mate and were
therefore awarded with the nobel prize in physits2010? Theoretical calculations of

Landau and Peierld®** considering

strictly 2D materials thermodynami SoteSeteteatale

cally unstable were thus disprove:
However, this was not the firs

appearance of a 2D material. Alreac

in 1962Boehmet al. reported on very

thin rbon foll with rtial
carbo olis partia Figure 1. Graphen, a flat monolayer of carbon atoms packed

thicknesses of only 3—6 A, pointin into a 2D honeycomb lattice.

out to the formation of carbon monolayEtsin the meantime, several papers on graphene

synthesis, properties and possible applicationsapgvery day, being reviewed frequerfily.

Nowadays, graphene is sometimes reckoned to beetwewvonder material. Although being
ultrathin, a tensile strength of 130 GPa, a braglstrength of 40 N fh and a Young's
modulus of about 1 TPArender graphene the strongest material ever medsoundredfold
stronger than steel. Moreover, its thermal conditgtreaches record values of around
5000 W m* K, thus significantly exceeding metals like coppsilyer or gold® The
electronic properties of graphene are unique as, wath its charge carriers mimicking
massless Dirac fermions showing very high intrimaimbilities and the integer quantum Hall
effect at room temperatuf®.A plethora of possible applications for grapheras wiscussed
so far, sometimes praising this 2D material to e new silicon. However, the lack of a
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Chapter 1: Introduction

bandgap hinders graphene’s use as semiconductmisiar and adds weight to a more

“analogue” field of applications such as ultrahfgbguency devicel”

In the meantime, graphene has turned out to betbalyip of the 2D materials iceberg. Based
on the methodology developed for graphene, a mditof monolayered metal oxides,
hydroxides and chalcogenides has been preparedvirghanteresting distinct properties

(mostly optoelectronical) compared to the btk Further investigations concentrate on the
modification of graphene’s properties by functioration and dopirtf ™ or the fabrication

of nanocomposites by sandwich-like stacking ofrtrumolayerg®!

Compounds very similar to graphite, the “mother poomd” of graphene, and therefore
promising candidates for the formation of 2D malsriwith outstanding properties are
graphite-like carbon nitride materials. First stépwards carbon nitride monolayers were
conducted recently biillen and Antonietti who prepared graphene-based carbon nitride
nanocomposites by a nanocasting technolfgy! By the use of graphene as template the low
electrical conductivity of pure CN compounds (219 cmi®)?*? could be overcome, yielding
low-cost high-perfomance materials with long-terrarability and high electrocatalytic
activity for oxygen reduction reactions and theesgVe oxidation of saturated hydrocarbons.
The features of these graphene-CN nanocomposites preven to be superior to those
observed for pure CN compounds whose revival iespgcientists during the last few years.
Especially Antonietti et al. investigated intensively the properties aplicability of
amorphous graphite-like carbon nitride compoundteijocalled “g-GN4") which is mainly
based on their electronic structure, classifyingnthas semiconductors with a bandgap of
~2.7 eV?1%2 Accordingly, absorption occurs in the visible @yi(>420 nm, cf. diffuse

reflectance spectra provided in [23]), renderingptpite-like

NH
carbon nitrides efficient photocatalysts, e.g. foydrogen )\2
N
production by reduction of water. Theoretical cétions j\i )N\
N NN

predicted these experimental results as the remubtivel for

P NENON

H* is well located in the middle of the above mentbn H,N” "N~ "N~ “NH,
bandgap, therefore proving the reduction processbeo Scheme 1: Melem, a tris

energetically possiblé®?! Furthermore, DFT calculation: triazine-based precursor  to
polymeric ~ carbon  nitride

revealed the HOMO of melem (2,5,8-triaminotriazine, networks.

2



Chapter 1: Introduction

Scheme 1, which was used as a model system fetrizine based polymeric carbon nitride
networks) to consist exclusively of an antiphaselgimation of the porbitals of the nitrogen
atoms and therefore matching the symmetry of tighdst unoccupied type orbital in the
Huickel model of benzer®! This theoretical principle of “organic” activatiaf the benzene
ring by transferring electron density from “ghG” was corroborated by experimental result,
proving “g-GN4” to be a metal-free catalyst for Friedel-Craftagtonsi?® The catalytic
abilities of graphite-like carbon nitride materialgere additionally demonstrated for the
cyclization of nitriles and alkyné¥} the activation of C&?® the selective oxidation of
methane to metharfo? and the aerobic oxidative coupling of amiff&s.
With the focus based on properties and possibldicapipns of graphite-type networks,
carbon nitride materials experience a third peonbgrosperity. Nearly quarter of a century
ago, the pioneering work of Liu and Cohen evoked tharder than diamond” fever,
predicting compressibility comparable to diamondstill hypothetical binary sehybridized
carbon nitride N4 Adopting -SisN, structure 8-CsN4 was calculated to have a bulk
modulus (which describes a substance’s resistamemiform compression and is inversely
proportional to both interatomic distances anddity) higher than diamond? Nevertheless,
not only compression but also shearing strains have taken into account for the hardness
of solids, thus suggesting a slightly lower hardnder S-CsN4 in comparison with
diamond®¥ A multitude of

I N S N further modifications for sp
Né\‘N NA‘N N;\‘N d JEN A
ST NN N Sl I hybridized GNg was predicted
NJ\N NJ\N NJ\N N JN\ N N /I\II\ N N )N\ N
A AL L L j\l\/lN IJN\ iﬂN to be stable, among these
: NN"N N?N"°N NZ°N7ON
| | | 1
| | A A Ay CsN4 (hexagonal), pseudocubic
NN NN CsN, (defect ZnS-type) and
NN NN L . .
CNTONTONTNTONT NN NN NN cubic GNy (Wl”emlte'“'
Yoy Yy type)* However, not onl
YO oy N/klN N/k‘N N/klN ype). , y
I e U L L theoretical work but especially
numerous attempts to

Scheme 2:0rthorhombic (top) and hexagonal (bottom) modelg-of
CsN,, based os-triazine (GN3) and tris-triazine (GN-) units. synthesize s3pC3N4 were

published, including mostly physicochemical methbkls CVD- and PVD processes, laser
techniques and sputter proces&&® Another approach is derived from DFT-calculations
predicting the conversion of theoretically moreb&dayered graphitic £, into sp-CsN, to

3



Chapter 1: Introduction

be viable at high pressure conditiord% GPa}**>"! Henceforth, reams of groups intensified
their efforts to find feasible synthetic pathwagsgtGN4. By introducing nitrogen atoms as
well as ordered carbon vacancies in indefinite lgitagayers, models with orthorhombic and
hexagonal symmetry were derived, consisting-sfazine (GN3) or tri-s-triazine (GN7, also
called s-heptazine) building units (Scheme )®42 A multitude of the attempts to
synthesize g-¢N,4 therefore emanates from precursors containingethagding units such as
melamine (2,4,6-triamins-riazine, GN3(NH,)3) or cyanuric chloride (2,4,6-trichlore-
triazine, GNsCls)."**¥ The synthetic pathways to g include predominantly solid-state
reactions at ambient and high pressure. For instacganuric chloride was reacted with
melamine, lithium- and sodium azide and severahagades to enforce condensation driven
by the formation of stable or volatile by-produlike LiCl or HCI."***% Further investigations
concentrated on the thermal decomposition of wli@gitriazine and -heptazir@?>*!
However, despite these

efforts the synthesis of g Table 1.Several “ammonocarbonic acidsC;N, - y NHs.

. “ammonocarbonic acid”  formula X C3N, -y NH3

CsN4 cannot unambiguously guanidine AN=C(NF), TGN, “5NA

be considered to  be cyanamide H2NCN 1GNs- 2NH

dicyandiamide (H2N),C=NCN 1GNs- 2 NH

successful so far as al melamine CNa(NHy)e 1 GN,- 2 NH
attempts were spoiled by th 2melamine-melem 2CN3(NHp)z: GN7(NH2)s 1 GiN, - B4 NH;
presence of hydrogen in th ™™ [CaNs(NH2)1(NF) 1 GN, - 15NH
melamine-melem C3N3(NHy)3- GN7(NH,)3 1 GN4-1.5NH

products, a wrong atomic melem CeN7(NH,)3 1 GNg-1NH
melon [CeN(NH)(NH,)], 1 GN,-0.5NH

ratio C:N or low crystallinity,

respectively. Many of the products seem to be ddmeype” material, referring to a C/N/H-
polymer which was first synthesized Bgrzeliusand given the arbitrary name “melon” by
Liebig.®®>®® This amorphous vyellow compound was early known be the final
deammonation product of a series of formerly soledal“ammonocarbonic acids”
(XxCsN4 -y NH3) (cf. Table 1). A closer look to these compoundwge empirical formulas
match those of ammonia adducts @Ng; and the underlying concept, formally relatedhe t
system carbonic acid / water, provides a deepéghnsto the thermal condensation process
of these molecules and polymers (Scheme 3). Thesgaunds, especially the smaller
molecules like cyanamide, dicyanamides and melar(deevates) are handled as suitable
precursors for the synthesis of graphitic carbdnda networks due to their pre-organized
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C/N/H motifs and

N
LI their easy accessibili-
l A ty.*”®" Owing to per-
- sistent research ef-
FZ
)NL forts, a multitude of
H,N” “NH,
dicyandiamide |ntermed|ates between
‘ A the two still hypothe-
tical compounds with
HZN?J/N\INHz the highest and lowest

. an Y \ NH, possible degree of am-
J NH; P +NHK

melamine monation (tetraamino

H,N_ _N._ _N_ _NH,
PN NS Ty M M aN. N Ng, T carbon C(NH)s (= 1
N._N N__N i o NTNYN
\N(Hz \N(Ha NYN 1 N__N CsNs- 8 NHg) and
) ) H,N_ _N_ _N_ _NH, NH, 13 ?\J/H
melam OSS 2 CsNg) has been syn-
N__N__N +NH

melamine-melem

<N = 3 .
\HS \Nﬁ WN/ K adduct phases thesized and characte-
+NHK Y / NI,

rized over the last few

years. Investigations

+NH3< >-NH3 on the thermal be-
X NN, H havior of these carbon
N \Nf \Nf nitride precursors re

i ’
e vealed the existence

NH,

“ medon of two  thermo-
dynamic “drains”,

Scheme 3.The formal concept othe formerly so called'ammonocarbonic
acids”, undergoingcyclization and deammonation processes when exptised namely melem and
thermal treatment. The two thermodynamic drainthsf process (melamine and

melem) are highlighted in gray. melaming®”! With the
striazine ring of the latter being highly stableed¢vated temperatures, the thermal treatment
of most non-cyclic carbon nitride precursors (cyaitge, dicyandiamide, several non-metal
dicyanamides) leads to the formation of melaminecisiization, befores-heptazine-based
melem is formed at even higher temperat{¥e&! Just recently, the elucidation of three
melamine-melem adduct phases with the molar ragtamine : melem = 2:1, 1:1 and 1:3

shed new light on the condensation processes betthiese two drains, favoring the thesis of
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g melam being a highly
vYY AL Yy Lot
“Yff AL “’Cf ~*\3\& reactive short-lived
~ A intermediate in  this
process accessible

during condensation

only by applying

\:;r (XA Yyt LA
Iy LYY bo'
AT WY Ag@)

et pOe ALL N AL T special reaction condi-
Try LN oy [ joNiS o YET RS WS &1 .
Yk )}1}. fooNos It iNeo ooy tions®3°4

Figure 2. Crystal structure of the 1D polymer melon (leftdahe 2D polymer
poly(heptazine imide) (right). Carbon and hydrogéoms are depicted in dark The final deammo-
gray, nitrogen atoms in light gray.

nation product of the
thermal condensation process is the above mentiamgdn, a 1D polymer consisting of
heptazine-based zigzag strands (Figure 2, [f8ftplthough being a hydrogen-rich defect
variant of binary carbon nitride, this compounaften mixed up with still not experimentally
accessible graphitic 881, in literature for understandable reasons: the latlka sharply
defined composition and its low crystallinity. Nuroes triazine- and heptazine-based models

have been discussed for melon until its structuas solved by a complementary approach

‘iTE ;

; Bl " . Figure 3. Crystal structure of £N,(NH), adopting the
of ammonia. With its “holey” heptazine-ba defect wurtzite-type. Carbon and hydrogen atoms are

sed 2D network structure containing embe depicted in dark gray, nitrogen atoms in light gray

ded melamine molecules (Figure 2, right), poly(hepte imide) (PHI) states an intermediate

using solid-state NMR spectroscopy at
electron diffraction in 200%°>® The latter ‘“\T
°

method also revealed the existence of

second polymeric network found as sid ‘\‘:

product in the melon-synthesis when pyr

lizing melamine under autogenous presst

condensation stage halfway between melon and thealhe predicteds-heptazine based g-
C3N 4283842 UThese two polymers are therefore joining the shoeue of crystalline carbon
nitride (imide) networks which is complemented myotwo further compounds so far, both
being synthesized by high-pressure methods. Caniidde imide GN3(NH) — synthesized

by high-pressure-high-temperature (HP-HT) treatm&ndicyandiamide in a laser-heated
diamond-anvil cell - represents the first crystedli3D carbon nitride (imide) network

6



Chapter 1: Introduction

described so far and adopts a defect wurtzite-sgpecture (Figure 3f2 The first triazine-
based graphitic carbon nitride type network, nan@@NyHs-HCI, was presented cMillan
et al., reacting melamine and cyanuric chloride jiston cylinder apparattf§.”

Innumerable attempts to synthesize graphite-likbaanitride materials have clearly shown
that the crucial factor to achieve crystallinityascareful choice of the reaction conditions,
especially temperature and press(ffeSolid-state reactions in open systems yielded Ignost
ill-defined amorphous products due to the tendesfapelamine to sublimate above 300 °C,
thus hindering reversible gas-phase reactions whieh necessary for the formation of
crystalline products. Single crystals of the higlwendensed precursors melem and the
melamine-melem adduct phases were accordingly egizttd in sealed ampoules under
autogenous ammonia pressure, as well as well-deBaenples of melon and P[5}t 7!
The low solubility of most carbon nitride precurs@n common organic solvents spoiled the
growth of single crystals by recrystallization pgeses in solution and hampered mechanistic
investigations. However, despite the predominarfce@chanistic investigations commonly
carried out in solution true tdristotele’s principle “Corpora non agunt, nisi fluida seu
solutd (compounds that are not fluid or dissolved do meatct), the detailed knowledge about
intermediates and preferred reaction pathways lid-state carbon nitride chemistry already
yielded valuable findings for a targeted synthapproacH®®

In the case of graphitic carbon nitride networktbesis, kinetic problems such as too fast and
irreversible condensation processes and the imiholaf the condensation intermediates
inhibit complete reactions and yield amorphous, st@ichiometric products. The usage of
solvents could overcome these problems; howeverteimperature range of the condensation
processes exceeds the liquid range of conventgniaénts by far. One way to enable higher
temperatures for solvent-based reactions is theofismutoclaves, leading to solvothermal
conditions. Up to now, only a few examples of stiheomal processes are known in the field
of carbon nitride materiald.i et al. reported on the synthesis of self-assembl2darbon
nitride nanostructures by reacting cyanuric chierith cyclohexane at 230 — 290 Y8,
Benzene was used as solvent for the reaction afiuri@achloride with LiN / N&N in a
temperature range of 200 — 5004
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This thesis is providing first insights into carbaitride high-temperature chemistry in
solution, a field that has been investigated omlgreely so far. The behavior of potential
carbon nitride precursors in inorganic solventg lgmmonia, water and salt melts is studied
and new molecular and polymeric compounds are tlgiily characterized by a multitude of
analytical methods. Several aspects are exploredntarge the basic knowledge about

graphitic carbon nitride materials:

» condensation processeghe above mentioned thermally induced formatiomefem
from melamine still lacks a mechanism for the cars@¢ion process and the role of
the highly reactive intermediate melam. Chaptes 8eavoted to this issue, presenting
closer insights into the formation of melam undewvated ammonia pressure and to

its reactivity in supercritical fluids.

» solvent-effects on the structurethe structure of a new carbon nitride imide network
(poly(triazine imide) with LiCl intercalation, shoPTI/LiCl), synthesized at high-
temperature conditions stirs up the discussion tathmi(thermal) stability of triazine
and heptazine building blocks anew. The structcinaracterization of this network is
presented in the first part of Chapter 4.

» photocatalysis and electronic propertieswith regards to the possible applicability
of carbon nitride networks as heterogeneous metal-fphotocatalystd® the
performance of triazine based carbon nitride neéte/@s catalysts for visible-light
driven hydrogen production is examined. The eleitrgtructure and the band gap of
PTI/LICI serving as model compound for this classfurther investigated in the

second part of Chapter 4.

» chemical doping:recently discovered effects of chemical dopingtmn properties of
amorphous carbon nitride netwof&€® raised the question for structure-property-
effects. To enable the synthesis of crystalline Cih#Rworks, new phosphorus-
containing cyanurate-related precursors were imesstd. Details on structure and

thermal treatment are summarized in Chapter 5.
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Chapter 2: Summary

2.  Summary

This thesis deals with investigations on the higijperature treatment of carbon nitride
precursors in various inorganic solvents. Particatdention was paid to the exploratory
development of successful synthesis routes fomptieparation of new graphite-like carbon
nitride materials with improved crystallinity. Défent molecular and polymergtriazine-
based compounds have been synthesized by ammamath@nd hydrothermal treatment as
well as by the utilization of salt melts. Furthemmophysical properties such as the bandgap
and photocatalytical activity towards water spiigtihave been examined for individual

compounds. A brief summary of the aspects discusstils work is given below.
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Chapter 2: Summary

2.1 Melam, melam hydrate and a melam-melem adducthase

(Chapter 3, published i@hem. Eur. J2013 19, 2041-2049)

Fast condensation processes are well known issuesaibon nitride chemistry, thus
hampering the isolation of stable intermediatesepka few ones like melamine and melem.
In chapter 3, a novel approach for the elucidatibthese processes is introduced, applying
ammonothermal and hydrothermal conditions to canhitnide precursors. According to Le
Chatelier’s principle, the cleavage of ammonia is
antagonized by elevated ammonia presst
therefore slowing down condensation proces:
and enabling insights in the gradu
transformation of melam to melem. B
ammonothermal treatment of dicyandiamide
an autoclave (450 °C, 0.2 MPa BH-igure 1)
bulk melam, ans-triazine-based dimer, wa:

synthesized in large yields for the first tim

Longer treatment of dicyandiamide (9-10 day
at the same conditions allowed for the isolati rigyre 1. Autoclave for ammonothermal and
of the first melam-melem adduct which we hydrothermal reactions.

characterized by means of IR and solid-state NM&tspscopy.

Whereas condensation reactions were observed atoaathermal conditions, the
hydrothermal treatment of melam (300 °C) led to fibvenation of single crystals of melam
hydrate [GN3(NH2)2]2 - 2 HO (P2i/c, a = 676.84(2)b = 1220.28(4)c = 1394.24(4) pmp =
98.372(2)°, V = 1139.28(6)-10pn?, Z = 4), a compound which was so far only known as
polycrystalline multiphased precursor for the sgsih of melamium salts in solution. Melam
hydrate crystallizes in a layered structure comgasfenearly planar melam molecules. The
voids in the resulting ellipsoidal rosette-like mfware filled with four water molecules which
are removable by thermal treatment, accompanidtidoyearrangement of the layered melam

molecules to the screw-like formation of anhydronedam.
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Chapter 2: Summary

2.2 Poly(triazine imide) with LiCl intercalation

Formation and structure of poly(triazine imide) with LiCl intercalation

(Chapter 4, published @hem. Eur. J2011, 17, 3213 — 3221)

The first part of Chapter 4 presents the firstcttice solution of a carbon nitride network by
means of powder X-ray diffraction methods in conaltion with electron diffraction and

solid-state NMR spectroscopy. Poly(triazine imideds synthesized by heating intimate
mixtures of dicyandiamide and an eutectic mixturétbium chloride and potassium chloride
in sealed silica glass ampoules at 600 °C. Stractaformation was provided by elaborated
1D and 2D solid-state NMR
spectroscopy investigations as we
as FTIR spectroscopy and higt
resolution TEM measurements. TF
high crystallinity of PTI/LICI which

is probably owed to the intercalatio
of Li* and CI ions, allowed for a

structure solution and refinemer

from both powder X-ray and electro

diffraction patterns bv usina direc Figure 2. Parallel projection of the 2D structure of PTILCI,
P y g formed by ABA-stacked layers. The voids in the layare

methods P6scm a = 846.82(10)¢c = gnlarged to channels running along thexis, filled with Li'CI
675.02(9) pm, V = 419.21(9) o

1¢° pn). As the name implies, the 2D network PTI/LiClhsilt up from imide-bridged
triazine units forming nearly planar layers withiga hexagonal voids (Figure 2). By layer
stacking, these voids are enlarged to channelsngrparallel to [001], containing Liand Cl
ions. Partial substitution of the H-atoms of theidenunits by Li (proven by>N direct
excitation NMR measurements) introduces Li/H digond the channels which results in the
formula [(GNaz)2(NHxLi1)3-LICI], rendering PTI/LICI an interesting candiddia further

theoretical calculations.
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Properties and possible applications of poly(triazie imide) with LiCl intercalation
(Chapter 4, published in d) Phys. Chem. @013 117, 8806-8812; bAngew. Chen2013
125 2495-2499Angew. Chem. Int. EQ013 52, 2435-2439)

The second part of Chapter 4 deals with the detextiin of the band structure and band gap
of PTI/LICl. XES/XANES and VEELS measurements aresgnted (probing the partial and
the total densitiy of states), which yielded bothaad gap of 2.2 eV, rendering PTI/LiCl an
organic semiconductor. Several further samples wattying LiCl contenct (reduced from
PTI/LICI by soxhlet extraction with water) were eximed as well, proving the band gap to be
tunable in the region of 2.2 to 2.9 eV by graduadigucing the LiCl content to zero. For a
deeper understanding, DFT calculations were peddrosing the WIEN2k code. Structure
optimization processes were carried out to detezntie most stable configuration for the
structure of PTI/LICl (especially regarding the HAubstitution at the bridging imide units
and the resulting disorder) for the simulation loé X-ray emission and absorption spectra.
The band gap was shown to be based on M 2W/C 2p transitions, which are influenced -
according to the variability of the band gap coasiay the LiCl content - by hybridization of
the N 2p and CI 2p states as well as by the chadegsity of the hydrogen-stripped imide sites

below the top of the valence band.

The activity of PTI/LICl as photocatalyst towarc
hydrogen evolution from water is described in t
third part of Chapter 4. Crystalline PTI/LICl an

several further amorphous and carbon-dof l e
derivates were compared to heptazine-ba: = “°f
melon-type carbon nitrides which were so far t }:% s
most promising representatives of this class g 2000
metal-free organic semiconductors. Whereas § 1000}
performance of crystalline and amorphoi £ "

melon  PTULI'CI'  aPTl.. aPTI_4AP

PTI/LiCl towards water splitting is in the range ¢

melon, carbon-doped samples synthesized Figure 3. Comparison of melon with several
PTI/LICI derivates regarding the photoactivity

ionothermal copolymerization of dicyandiamic towards hydrogen production from water.

with  4-amino-2,6-dihydroypyrimidine  (4AP)

ruled out the others by a more than 5-fold incrdgeeotoactivity towards hydrogen evolution
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(Figure 3) and proved the influence of the conelintroduction of defects and the level of

structural definition.
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2.3 Phosphorus-doped carbon nitride precursors

Carbon-doped graphite-type carbon nitride netwdikge proven to be promising candidates
towards photocatalytical water splitting. With redm to the synthesis of phosphorus-doped
carbon nitride networks, several phosphorus comginarbon nitride precursors have been

synthesized and comprehensively characterized.

Alkaline and alkaline earth biuretooxophosphates

(Chapter 5, published in &ur. J. Inorg. Chem2012 1840-1847; bY. Anorg. Allg. Chem
2012 638 920-924)

Biuretooxophosphates state a class of compoundselglaelated to cyanurates with one
carbon atom of thes-triazine ring exchanged by phosphorus. Therefboey tseem to be
capable precursors for the synthesis

Cl N\ Cl M®CH3COO@ 0 g 0 of carbon nitride networks with a
\NI( N dioxane /H,0 Y \f defined molar ratio C:N:P. A series
RN Sh, 55-60 °C HN: (NH of alkaline biuretooxophosphates

Cl” Cl (M=Na-Cs) J oo M? phosp

M[PO,(NH)3(CO)] xH,0 (M = Li,

Scheme 1.Preparation of alkali biuretooxophosphates by th —
controlled hydrolysis of 1,1,3,5-tetrachloro-1-ppba-2,4,6s- Gk’ RD, and Csx =1, 0, 0.5, 0) and

triazine. alkaline earth biuretooxophosphates
M[PO2(NH)3(CO)]. (M = Ca) has been prepared by controlled hydrslysi 1,1,3,5-
tetrachloro-1-phospha-2,4¢triazine (M = K, Rb, Cs) (Scheme 1) and by ionfextge
reaction (M = Li,

Ca). The crystal Table 1. Crystallographic details of the structure refineindar the alkali
biuretooxophosphate$1[PO,(NH);(CO),]-xH,O (M = Li, K, Rb, and Csx = 1, 0,
structures of these 0.5, 0) and the alkaline earth biuretooxophosp@ai®Q(NH)3(CO),]».

salts have beer cation Li K Rb Cs Ca
solved and refined SPace group P2,/c P2,/c Cc P2,/c P2,/c
a[pmi 721.76(14) 585.42(12 926.55(19) 679.16(14) 1010.8(2)
by single-crystal p[pm] 683.90(14) 1756.6(4) 3255.3(7) 1486.5(3) 527.45(1
diffraction  data  c[Pm! 1551.5(4) 691.70(14 670.34(13) 745.37(15) 1375.3(5)
BT 117.53(2) 109.65(3) 132.07(3) 93.08(3) 122.38(2)
(crystallographic V[10°pnT]  679.1(3) 669.9(2) 1500.9(9) 751.4(3) 619.2(3)
details can be Z 4 4 8 4 2
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found in Table 1) and compared to the structureshefsodium and the ammonium salt
known from literature. With the phosphorus atommtening its preferred (distorted) tetrahe-
dral coordination, the biuretooxophosphate aniomsws slight deviations from a planar
arrangement of the ring, thus exhibiting weakly nmonced twist, chair and half-chair
conformations. The relative orientation of the gnthanges with increasing cation size as
well as the connectivity of the coordination polgltee Photoluminescence measurements of
the colorless salts showed absorption and emigsiarccur in the UV region, thus being
similar tos-triazine and tris-triazine derivates. Decomposition of the biuretgaixosphates -
examined by combined DTA/TG studies and temperadependent powder X-ray diffraction
analysis — was proven to occur at slightly lowenperatures than for cyanurates (300-
400 °C) and is accompanied by the formation ofcthreesponding phosphates (MO

N,N’-Bis(aminocarbonyl)phosphorodiamidates
(Chapter 5, published iBur. J. Inorg. Chen2012 3296-3301)

According to Le Chatelier's principle, high-presswonditions are necessary to impede the
observed decomposition of biuretooxophosphateseiaphosphates at elevated temperatures
and atmospheric pressure. Ammonothermal treatnfethieacorresponding alkali biuretooxo-
phosphates at 350 °C and 120 — 150 bar yiededtfer sinknownN,N’-bis(aminocarbonyl)-
phosphorodiamidates Na[R@HCONH,),] (C2/c, a = 875.2(2), b = 1191.2(2),c =
700.6(1) pmg = 103.68(3)°V = 709.7(2) 16pm®, Z = 4), K[PQ(NHCONH,),] (Fdd2, a =
1037.0(2), b = 1270.7(6),c = 1110.3(2) pm,V = 1463.1(8) 1Bpm*, Z = 8) and
Rb[PQ(NHCONH,),] (Fdd2, a = 1272.6(6)b = 1058.6(2)c = 1127.0(2) pmY = 1518.3(5)
1Ppm?®, Z = 8). 0o .
By a ring-ope- Os _N_ZO -
ni)rllg mechiniim, H?\I/ fﬁ/ NH; — OYI}L\F@?—’ j)\ O‘\P’@ JOL

~p’ HN. . NH H,N" "N N7 "NH,
induced by the 8 Yo & % H H
nucleophilic at- Scheme 2Mechanism of the ammonolysis of biuretooxophosphate
tack of ammonia,
3D framework structures are formed in whigliN'-bis(aminocarbonyl)-phosphorodiamidate
anions link the coordination polyhedra of the cep@nding alkali cations (Scheme 2). These

octahedral and cube-like bodies are interconnecteafiguring 1D strands and a dense 3D
20



Chapter 2: Summary

motif comprising interpenetrating
zweier chains (Figure 4). Combinec
studies of DTA/TG measurements ar
temperature-dependent powder X-ri
diffraction revealed the reversibility o
the ammonolysis for the sodium ar
potassium salt at elevate
temperatures before decomposing
the corresponding metaphosphat
(MPGs)x by the elimination of
formamide HCONH whereas the
rubidium salt undergoes direc
decomposition without ring

condensation first.

Figure 4. Interpenetrating  zweier chains in
Rb[PG,(NHCONH,),], running in [011] and [0I 1] direction
(highlighted in dark gray).
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3. On the Formation and Solvothermal Treatment oMelam

Melam, a molecule formally accessible by condensatf two molecules melamine by
elimination of ammonia is one of the first C/N/Hngpounds to be mentioned in literature.
Nevertheless, the crystal structure as well asyimhesis of this “melamine-dimer” puzzled
researchers for nearly one and a half century. Wigkam being an important intermediate on
the way to g-GN4, a multitude of experiments have been conductedn&ntain this

compound, mostly based on the addition of acidse@¢ melam derivates are known in
literature; however, melam itself was so far onnthesized in very little amounts by
condensation of melamine, as the formation of meakenergetically favored. This chapter
deals with a novel approach to synthesize melamarge amounts by autoclave synthesis.
Reactions in supercritical and gaseous ammoniacamnepared and a new condensation
intermediate accessible by heating dicyandiamidenioe days in gaseous ammonia at
450 °C is characterized. Furthermore, single ctystd melam hydrate, to date known as
amorphous precursor for the synthesis of severldmiem salts and solvates, were grown by

hydrothermal treatment and rendered the structinalacterization possible.
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All NMR measurements in this subsection were cawigt by Maria B. Mesch and Prof. Dr.
J. Senker (University of Bayreuth) and will alsopublished as part of the PhD thesis of M.
B. Mesch.

Formation and Characterization of Melam, Melam Hydrate

and a Melam-Melem Adduct

Eva Wirnhier, Maria B. Mesch, Jurgen Senker and Wolgang Schnick

published in: Chem. Eur. J2013 19, 2041-2049. DOI: 10.1002/chem.201203340

Keywords: ammonia; hydrothermal synthesis, carbon nitrideadensation reactions

Abstract: Until recently, melam [eN3(NH,),].NH has been regarded as a short-lived inter-
mediate in the condensation process of melamirtectdble only under special reaction con-
ditions due to its high reactivity. A new synthegigproach allowed for a closer look into the
formation and condensation behavior of melam byu$e of elevated ammonia pressure in
autoclaves. Whereas thermal treatment of dicyandeuat 450 °C and 0.2 MPa Nhielded
melam in large amounts, longer treatment at suciditons (9 d) led to the formation of a
melam-melem adduct phase, enabling first insigitts the condensation process of melam to
melem.

Hydrothermal treatment of melam at 300°C (24 h)elded melam hydrate
[C3aN3(NH2)2]oNH - 2H0 (P2i/c, a = 676.84(2),b = 1220.28(4),c = 1394.24(4) pmp =
98.372(2)°V = 1139.28(6)-10pn7, Z = 4) which crystallizes in a layered structure posed

of nearly planar melam molecules, forming ellipsbicbsette-like motifs. Resulting voids are

filled with four water molecules, forming a densswork of hydrogen bonds.
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3.1 Introduction

Since the “harder than diamond” fever has been evdky the work of Liu and Cohen in
1989, carbon nitride-type materials have experiéns@nificant interest due to their
promising properties. Earlier work has concentratainly on synthesis of ybridized
network phases of binary carbon nitridesNG) which was predicted to show extreme
compressibility und superhardnésd. So far, the closest approach to binary carborideitr
has been carbon nitride imideN;(NH) crystallizing in a defect wurtzite-type of stture,
representing the first crystalline *spybridized three-dimensional network structure aof
carbon nitride presented to dffeRecently,the focus of carbon nitride chemistry shisted
towards layer-like sphybridized graphite-type carbon nitride type mialsr showing
promising properties for catalytic applicationsg(efor water splitting and CQOreduction),
for use in organic semiconductor science and asophtive materials converting solar light

into electricity!** However, the

Table 1. Carbon nitride precursors, formally denominated asynthesis of pure and crystalline
“ammonocarbonic acidX C3N, -y NHs.

ammonocarbonic acid formula X C3N, -y NH; 9-GN4 — being regarded as a
cyanamide HNCN /3 CaNg - % NH3 possible precursor of superhard
dicyanamide NH(CN), % C3Ny - 5 NH3 )

dicyandiamide (HoN);C=NCN % CNs - iNH, oD CaNa and predicted to be the
melamine C3N3(NHy)3 1 GN,- 2 NH; most stable modification under
melam [CaNa(NH)s]o(NH) 2 CGN, - 3 NH . —

melem CaNo(NH); 2 GN.- 2 NH, ambient condition$® — has not
melon [CeN7(NH)(NH2)], 2 GN,- 1 NH been reported SO far.

Accordingly, chemical screening
of potential precursors leading to this compounsl i@en an ongoing quest in carbon nitride
research®™® In the literature there has been a controversiatugsion paralleled by
theoretical calculations if g48l; is made up of s-triazine or tris-triazine (*heptazine”)
units’?>?? Regardless, g-C3N4 can be formulated as the flsammonation product of a
series of “ammonocarbonic acidst CsN4 - y NH3) (Scheme 1, Table 1) like cyanamide and
dicyandiamide containing alternating C and N at&ths.
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Investigation of the

NH, . .
)\ thermolysis behavior of
e
N NH, N= N these precursors estab-
Z A
HN N" SN NN~ °N lished relations with a

I
/§ J\ /)\ )\\ /L\ J\ class of historically im-

H,N" "NH H,N N NH, H,N° "N” "N~ "NH,
Scheme 1The carbon nitride precursors dicyandiamidegNyEl,, left), portant compounds first
melamine (GNgHe, middle) and melem (l;oHs, right). mentioned by Liebig
(e. g. melamine, melam,
melem and melorf? In the literature, melamine (triamirstriazine, GN3(NH,)s) and
melem (triamino-tris-triazine, GN7(NH,)3) **! have been assumed to be stable species in the
condensation process leading finally to melonsNENH,)(NH)], *® since they have been
invariably obtained by thermal treatment of carlmitnide precursors. The recent finding of
three melamine-melem adducts phases in a temperednge of 620 — 660 K in closed
ampoules'®™ added weight to a condensation mechanism basedasfphase reactions
including the sublimation of melamine and the rapoedmation of melem with melam
([CaN3(NH2)2](NH)),*¥! an s-triazine-based dimer formed by condensation of vadecules
of melamine, acting as a highly reactive intermedighase. Pure melam was so far only
obtained as a minor phase in form of few tiny algsturing the condensation of melamine in
open crucibles (2d, 340 — 360 °€¥.Furthermore, only a small number of melam derivige
known in the literature, whereas a multitude of lmatbions can be found on derivates of the

energetically favored intermediates of melamine rauetemt'®-26:27]

This contribution is dealing with the so far oftdisregarded highly reactive intermediate
melam and its role in the condensation processdiorm A new synthesis route allowing for

the preparation of melam in high yields is presgnépplying elevated ammonia pressure to
inhibit further condensation of melam accordingL® Chatelier’s principle. This approach

also affords the formation of a melam-melem addpbase, shedding light on the

condensation process from melam to melem for tis¢ time. Furthermore, the accessibility
of pure melam in sufficient amounts allowed for #ymthesis of crystalline melam hydrate
(CeN11Ho-2H,0O) by hydrothermal treatment and for its structetecidation from single-

crystal data.
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3.2 Results and Discussion

Melam: Bulk melam was synthesized by thermal treatmerdiofandiamide at 450 °C and
0.2 MPa NH in an autoclave. With this synthesis method, lag®unts of melam are now
accessible, the yield merely being reduced by msdibd melamine at the top of the
autoclave. At higher temperatures, melam is transfd into melem which is also present at
450 °C as side-phase as well as one of the melaméhem adduct phases

(2C3N3(NH>)3-GsN7(NH2)3) as proven by Rietveld refinement (Figure 1, Télle

melam: 89.57 %
2melamine*melem: 6.72 %
melem: 3.71 %

Intensity / a.u.
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Figure 1. Rietveld refinement of the PXRD data of bulk melé@u-K,; radiation). Measured data are indicated
by crosses, refined data and the difference pogaren as solid lines. Bragg peaks are indicajedeltical bars
(top: melam, middle: 2melamine*melem, bottom: mélem

Compared to the crystal data of melam which weterdened at -143 °C from single-crystal

XRD data, the cell parameters from the powder X-g#ffraction pattern taken at room

temperature showed a significant deviation. Rietwafinement proved nearly unchanged
values fora andb, whereas the thermal expansioncidirection leads to an enlargement of
the corresponding parameter of 28 pm (from 139846 pm). Although no pronouncesd

stacking of the molecules is observed in the chy&taicture of melam, the 3D screw-like
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arrangement of mutually tilted melam units is elategl due to the weakened hydrogen bonds

connecting the molecule: Table 2. Crystallographic data of the Rietveld refinemehmelam.

in c-direction. melam 2melamine*melem  melem
Formula CgsN11Hg CioNooH1g CsN1oHg
The thermal behavior of Space group C2lc C2lc P2i/c
bulk | h a[pm] 1810.34(8) 2155.03(94) 738.43(40)
ulk - melam was thor- -, 1,y 1085.45(4) 1267.00(95) 860.45(41)
oughly investigated unde c[pm] 1425.54(3) 684.51(14) 1329.97(99)
. . V[10° 2784.43(16) 1857.7(17 835.66(88
different conditions [10"pm] (16) (17) (88)
Z 12 4 4
(open/closed systems) Observed reflections 401 273 245
Temperature-dependent T[,K] _ 293
Diffraction range [°] 0<26<60
X-ray powder diffraction  No. data points 5480
measurements (TPXRD ©OF 1474
R indices (all data) Rp=0.04348wRp=0.05934

in open quartz capillaries
(to be referred to as a semi-closed system) inglicatiability of melam up to 370 °C including
a further elongation of the unit cell ierdirection visible by the shift of several intense
reflections indexed as 113, 131 and 114 to smaleralues (Figure 2) whereas no shift for
the intensénk0 reflection 310 was observed. Under slow heatoglitions (heating rate of 1

°C minY), conversion into melem is observed at 380 °C eithpassing through an

500

400 -

(9}

o

o
1

Temperature / °C
(3o
<
<
1

100 —

5 10 13 20 25 30

20 ‘/ L=}

Figure 2. In situ temperature-programmed X-ray powder diffiat measurements (MogKradiation) of bulk
melam recorded between room temperature and 50@thCGa heating rate of 1 °C min
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amorphous state. Pure melem was proven to be stplite460 °C.

Combined DTA/TG analysis (Figure 3) indicated thenfation of two condensation products
corresponding to two sharp endothermic signals 7& 8nd 403 °C accompanied by an
observed overall mass loss of 22.6 % (3 moles:Nédlculated 21.7 %). Whereas the
formation of melem at around 370 °C upon thermedtiment of melam has been mentioned
in literature™ the second signal can probably be attributed ¢ofdhmation of a new phase

caused by the admixture of melem and a melaminemmadduct phase in the bulk sample.

€xo
13

100

90

mass / %
[e2e]
o
T
heat flow / pV

70 ~

60

T T . T r T . T . , .
0 100 200 300 400 500 600
Temperature / °C

Figure 3. DTA/TG of bulk melam (24 mg) measured between rdaemperature and 600 °C with a heating rate
of 5 °C min.

As DTA/TG and TPXRD analysis yielded ambiguous hssudurther investigations in the
interesting temperature range between 350 and @5@€re conducted to isolate the above
mentioned phase ex situ. In literature, it hasnbeported that melem is found within this
temperature range (380 — 500 &) However, a strong dependence not only of temperatu
and pressure but also of the reaction time has bmeraled during investigation on thermal
behavior of carbon nitride precursors. Whereas me¢eformed at long reaction times (48h)
at 380 °C and 400 °C in ampoules, shorter therreatient of melam (1h) yielded a mixture

of melam, melem and a so far unknown phase whictetlout to be a melam-melem adduct.
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Melam-melem adduct phaseSimilar to melam, the melam-melem adduct phaseetliout

to be a highly reactive intermediate stable onlthimi a small temperature and time range.
According to the synthesis of bulk melam, the adghnase could therefore be isolated only
by preventing further condensation using elevatedhania pressure in an autoclave. Long

reaction times (9-10 d) yielded samples of higlstalinity (Figure 4).

Intensity / a.u.

T T ! ' T T T ' 1
10 20 30 40 50
20/°

Figure 4. Powder X-ray diffraction pattern of phase | (CyKadiation).

To identify the building units of the adduct phasgss spectrometry was carried out. Peaks
atm/z = 218 and 235 were detected, corresponding extxtilje molecular mass of melem
and melam, respectively, whereas no peaks at hig#ervalues pointing out to more
condensed products Wer Tapje 3. Elemental analysis data observed and calculateddifterent

found. The composition of compounds and compositions.

the adduct phase wa Compound sum formula N[wt%] C[wt%] H[wt%]
phase | 64.31 32.28 3.25
determined by elementa melamine  [GNgH¢] 66.67 2857  4.76
analysis. Observed an melam [GN1Hg] 65.53 30.64 3.83
melem [GN1gHe] 64.22 33.03 2.75

calculated  results  for 1.1 addud® [CoNiHe] [CoNiH 64.88 3179  3.33

various compositions are 1:2adduct! [CiNiHg] [CeNiHg. 64.66 3219  3.15
2:3 addudf!  [CeN11Hg)[CeNioHels 64.74 32.03 3.23

[a] melam/melem = 1:1; [b] melam/melem = 1:2; [@lam/melem = 2:3.

listed in Table 3.

As has been pointed out before, elemental anatgsiaot be seen as an unambiguous proof

of the formation of a certain adduct phase dueety gimilar compositions of the individual
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compound$® However, with the building units of the adduct phebeing verified to be

melem and melam by mass spectrometry, and witltéhgposition of the adduct matching
neither melamine, melam nor melem, several differealar ratios assembling melam and
melem into co-crystals were calculated. The bedtimaas found for a 1:2 or a 2:3 adduct of

melam and melem, with a small average deviatioh 38 % and 0.69 %, respectively.

The FTIR spectrum of the melam-melem adduct pteaskawn in Figure 5 (middle), together
with the spectra of pure melam (top) and melemt@oo) for comparison. The similarity of
the spectra becomes evident, especially regartiedNt stretching region above 3100tm
and the characteristic sextant ring band around &9J being split into two bands
corresponding to the position of the absorptiorthe spectrum of melam (810 @nand
melem (798 ci).'>!! Also the fingerprint region of the adduct phasdileis typical
features of both spectra of the initial compoundlee several sharp and well-resolved
absorption bands characteristic for C-N stretchamgl NH bending vibrations visible for
melam between 1640 and 1350 tare largely identical in the spectra of the addlwse.
However, the relative band intensities have charglenving a distribution closer related to
that of melem. The most distinctive band of melan%83 cni — absent in both the spectra

melam-melem
adduct phase

Transmission / a.u.

T T T T T T T T T T T T
4000 3500 3000 2500 2(_)100 1500 1000
Wavenumber / cm

Figure 5. FTIR spectra of melam (top), melam-melem adduesspimiddle) and melem (bottom), measured as
KBr pellets.
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of melamine and melem — is found in the spectrth@fadduct phase at 1590 tnas well as
absorption below 1400 ¢m(1350 and 1250 cif) being characteristic of the C-NH-C unit
found in melam and meld#*® These slight band shifts and the change in inteesclude a
simple superposition of the spectra of melam antemewhat was also discarded by PXRD
results (Figure 4) and point out to a significarathered hydrogen-bonding network. Although
FTIR cannot supply the ultimate proof, the unambiguisimilarity of the spectrum of the new
phase with the ones of melam and melem clearlycatds the formation of an adduct phase

of both compounds.

To gain further information on the nature of thelact phase*C and*°N MAS NMR spectra
have been recorded. TH&C spectrum (Figure 6, top) exhibits characteristésoth the

spectra of melam anc

melem. The signal al

“C MAS spectrum

about 155.5 ppm can un
ambiguously be assigne
to the CN atoms of

melem, whereas the mai

kedly more intense groug E——————
. 175 170 165 160 155 150 145
of signals between 16: &/ppm

and 170 ppm comprise
signals of the CBNH;

atoms of both substances

"N MAS spectrum

A conventional °N CP

MAS spectrum of the

adduct phase could not b ——T T T T T 71—
-150 -175 -200 -225 -250 -275 -300 -325 -350
measured due to the lon §/ppm

Figure 6. *C (top) and®N (bottom) MAS NMR spectra of the melam-

proton relaxation time. melem adduct phase.

However by introducing a

flip-backsequend®?? a significant gain in intensity could be reachgddxducing the recycle
delay to 2 s without a severe loss of intensitythédigh the flip-back spectrum (Figure 6,
bottom) still suffers from a low signal-to-noisdicacharacteristic resonances for both melam

and melem could be identified. The signals betwd®0 and -205 ppm are characteristic for
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(outer) tertiary nitrogen atoms of triazine andsttriazine units. The signal for the shielded
central atom of melem which usually is the indicdtw its presence can be found at -234.7
ppm. The signal has very low intensity which prdigab a result of the measuring technique
as CP experiments are not quantitative, espedfakytiary nitrogen atoms are in the vicinity
of strongly coupled NEIgroups. In the NH region, two signals at a chasbift of -252 and
-255 ppm are visible, therefore being in accordamite the split signal of the NH group in
melam. The remaining signals between -270 and ppd® belong to Nklgroups, with the tri-
striazine nucleus of melem causing a low field sliffignals at -262 and -281 ppm) in
comparison with thes-triazine rings of melam (signals between -282 &8@D ppm). The
existence of few additional resonances (-194.84.24-258.2 and -262.9 ppm) strongly
indicates a different hydrogen bond network as cmexb to pure melam and melem. This

coincides the formation of an adduct phase of thiklimg units melam and melem.

Both this and previous studies have shown thathivéce of reaction conditions — especially
pressure and temperature — is a critical factotifermal condensation of these carbon nitride
precursor§>*01%2°1The tendency of melamine — the most stable intdiate - to sublimate

above 300 °C often leads to less defined productsvo crystallinity (so-called raw melon,

melem only with melamine as by-product) when cosdéon reactions are carried out in
open systems. The partial elusion of intermeditgads to rapid irreversible condensation.
Accordingly, condensation reactions in ampouless@il systems) which enable reversible

gas phase reactions, usually lead to productsgbiehicrystallinity.

Not only melem and melon can be synthesized inligtystalline form in ampoules but also
the structures of three so far unknown melamineemebdducts have been elucidated
recently from single crystals derived from such anip reaction¥> As expected the arising
ammonia partial pressure seems to be the cruatrféor higher crystallinity as proven by
the above presented autoclave reactions. Whereasotidensation of dicyandiamide beyond
melamine is suppressed at supercritical condit{@@sMPa) even at 500 °C, reactions below
10 bar enabled condensation and ammonolysis reacti&king place at the same time,
therefore inhibiting further condensation processascording to Le Chatelier.
Correspondingly, by careful adjustment of the pwess not only stable products like
melamine and melem are formed but also furthernmeiates like melam and a melam-

melem adduct phase can be isolated.
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This synthesis strategy is furthermore in accordanith several routes to melam derivates
published so far. Both the synthesis of the melamaalduct @N11H;10Cl - 0.5 NHCI and the

melamium-melamine adduct ¢l;1:H;0SCN 2 GN3(NHy)s require elevated ammonia
pressure in ampoules by usage of ammonium chidadeadditive for the pyrolysis of

melamine) or ammonium thiocyanate (as single-soprreeursor), respectivelsf!

Melam hydrate: Polycrystalline melam hydrate, which is used astisty material for the
synthesis of melamium salts in solution due to ltwe solubility of melam, is commonly
synthesized by treatment of

melamium adducts like Table 4.Crystallographic data and details of the structefsmement of
] melam hydrate.
C6N11H10C| - 05 NH,C' with
_ CeNuHg- 2 H,0
bases. Owing to  the€ “Molar mass [g-md] 271.24

accessibility of bulk melam Crystal system monoclinic
Space group P2,/c (no. 14)
by the above presente Tk 293

Diffractometer

Nonius Kappa-CCD

autoclave method, single
Radiation A [pm] Mo-K,, 71.073
crystals of melam hydrate [om] 676.84(2)
were obtained for the first b[pm] 1220.28(4)
time by direct hydration ;[[E)]m] ;;9;22(42(; )
applying hydrothermal V[10°pn] 1139.28(6)
” . z 4
conditions (300 °C / 24 h) Calculated density [g-cfh 1.582
and allowed for the Crystal size [mnj 0.25 x 0.15 x 0.09
determination of its crystal Absorption coefficient [mm] 0.126
F(000) 568
structure.  Crystallographic  Absorption correction none
data for melam hydrate an Diffraction range 3.132 0 < 25.35°
Index range 8h<8,
details of the structure -14<k<14
. . -16<1<16
refinement are summarize Parameters / restraints 211/0
in Table 4. Total no. of reflections 7590
No. of independent reflections 2087
Melam hydrate crystallizes ir No. of observed reflections 1766
Min./max. residual electron -0.220/0.218
space grougP2;/c with four  density [e-16 pm?|
GooF 1.032

molecules in the monoclinic
cell. The asymmetric unit

contains one

Final R indices|[> 20(1)]
Final R indices (all data)

R1 = 0.0403wR2 = 0.108%"
R1 = 0.0490,wR2 = 0.116%
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molecule and  two NH, NH, NH, NH,

equivalents of water. As

a N >N NJQN __« N°ON N~ "NH
all hydrogen atoms have P N PN PPN

been found from diffe- 2N N I}\II N ONH HNG NG ONT N NH,

rence Fourier synthese Scheme 2The two tautomeric forms of melam discussed erditure.

the tautomeric form with

conjugation between the triazine ring systems (8&h2, right) earlier discussed in the litera-
ture can be excludét’®*? thus proving the “ditriazinylamine” form with twwiazine units
condensed through a bridging NH group, also comatied by the crystal structure of melam
itself (Scheme 2, lefff>#*3*
%1 Compared to this structure,
the molecules in melam hydra-

te show similar bond lengths

and angles.

In anhydrous melam, a screw-
like arrangement of slightly

twisted melam molecules is

observed, stabilized by a dense
hydrogen bonding netwotk”
By hydrothermal treatment
this network is broken up,
therefore leading to a re-
arrangement of the now nearly
planar melam molecules in a
layered structure with an
interlayer distance of 340 pm,

thus slightly enlarged in

comparison with other carbon

nitride precursors like melem
Figure 7. Top: Screw-like arrangement of the molecules inydnous
melam (view along [010]. Bottom: layered structofenelam hydrate (327 pm) and melem hydrate
(view along [010]). Melam molecules are arrangeplaoar, but show . 6,37
no -stacking. (337 pm) (Figure 7¢3"!
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Contrary to circular rosette-motifs known from nmelae and melem derivat&s;*">% an
ellipsoidal rosette-like motif is formed in melarngdnate according to — in comparison with
melamine and me-
lem - elongated
building units. This
structure is sta-
bilized by a net-
work of strong and
medium strong hy-
drogen bonds with
donor-acceptor dis-
tances ranging bet-

ween 295 and 324

Figure 8. Arrangement of the melam molecules in a hydrogemded ellipsoidal  pm (Figure 8).
rosette-like motif in melam hydrate. Water molesutee omitted for clarity, carbon

and hydrogen atoms are depicted in gray, nitrogems in black; dashed lines

represent hydrogen bonds.

The oval voids within the rosettes show a transvefimmeter of 8.3 A and a conjugate
diameter of 3.3 A, values that are close to pore
sizes found in melem hydrate (8.9 &§ and
the 1:1 adduct of cyanuric acid and melami

(4 A) P Contrary to melem hydrate, the voic
are not forming channels by AAA stacking bi
are arranged in a staggered fashion. The vc
are filled with four water molecules, forming
dense network of hydrogen bonds (distanc
N-H---O = 300-355 pm, O-H---O = 277 pm, !
H---N = 296-297 pm) and probably acting
structure directing agents for the self-assem

of the melam molecules in solution (Figure 9

The thermal behavior of melam hydrate w
examined by combined thermogravimetry al Figure 9. Representation of one ellipsoidal rosette

filled with four templating water molecules,
differential thermal analysis to investigate tI embedded in a dense hydrogen-bonded network.
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strength of the non-covalent interactions betweetam and water molecules. The obtained
curves (Figure 10) show dehydration to take plaeaveen 100 and 150 °C. Elemental
analysis has shown that the above presented hylno#h treatment of melam leads to the
formation of bulk samples with varying content oystal water. Whereas further refinement
of the oxygen occupancies in the single-crystah déglded the formula ¢Dl11Hg-1.93H0,
elemental analysis and combined DTA/TG measurenadrgsveral bulk samples synthesized
at 300 °C point out to a lower content of water @eales per melam unit §N;,Hg-xH,O; 1<

x < 1.5). Dehydrated melam is stable up to temperatwk 380 °C before rapidly

decomposing, thus being in accordance with thertAebehavior of anhydrous meldH.

In the case of melam hydrate temperature-depermender X-ray diffraction investigations

100

heat flow / uV

. T T , T T T T T , T T .
0 100 200 300 400 500 600 700
Temperature / °C

Figure 10.DTA/TG of melam hydrate (31 mg) measured betweamrtemperature and 700 °C with a heating
rate of 5 °C mift

have shown that dehydration leads to decreasingtailipity of the sample as expected.
Contrary to melem hydraf&! the removal of crystal water is accompanied byrezmement

of the layered melam molecules in the screw-likenfation of anhydrous melam, therefore
proving the hydrogen bonding network including Weter molecules to be the crucial factor

for the stability of the planar arrangement of th@ecules in melam hydrate.
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The FTIR spectrum of
melam hydrate is shown ir
Figure 11. All bending and
stretching vibrations bear

clear resemblance with th

Transmission / a.u.

signals  for  melar??
however, some  slight
differences remain. In the
OH and NH stretching
region’ the Sharp Signal 2 4000 ' 35I00 l 30I00 I 25I()0 ' 20I00 l 15I00 I 10I()0 ' 500
3470 cntt observed for Wavenumber / em’

Figure 11.FTIR spectrum of melam hydrate (recorded as KBepe
anhydrous melam is

covered by a broadOH) signal in the spectrum of melam hydrate. Apsion at 810 cri
(the sextant ring band) and at 1350 and 1250 cimaracteristic for the C-NH-C unit in
melam is in accordance with the data of anhydroakam, whereas the bands between 1650
and 1430 cnl assigned to(C=N) andd(NH,) vibrations are slightly changed in intensity and
position due to the participation of the-triazine rings and NEgroups in the hydrogen

bonding network with the water molecules.

3.3 Conclusion

With the synthesis of bulk melam and a melam-mebmduct by thermal treatment of
dicyandiamide under elevated ammonia pressurentfh@ence not only of temperature but
also of pressure adjustment for the condensatiooegs of carbon nitrides has been proven.
According to Le Chatelier's principle, ammonia p@® antagonizes the cleavage of
ammonia which is the driving force of usually vegst condensation processes. To our
present knowledge the formation of melam - whicls Yeeng time thought to be a competitive
reaction product of the condensation process oamigle to melem via the melamine-melem
adduct phases — is in fact part of that condensairocess, however most of the time not
detectable due to the rapid further condensatiom&am to melem (via at least one adduct

phase). This fast transformation - leading to amags observed coexistence of the adduct
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phase(s) with melam or melem — complicates a metaildd description of the adduct
phase(s) regarding quantity, composition and sirectLocal methods like advanced solid-
state NMR spectroscopy or TEM investigations wik lised to further study these

compounds.

By careful adjustment of the reaction conditions flormation of further melam-melem
adduct phases is conceivable as well. For investiga of further condensation processes
(namely from melem to melon) special autoclave$ waitmaximal operation temperature of
>500 °C are necessary, as up to 500 °C and 2 barm#em is the final de-ammonation
product of melamine to be synthesized. Howevexti@as under elevated ammonia pressure
might be a valuable tool for the synthesis of metiimers or oligomers to further elucidate

condensation processes up to polymeric carbordesri

Hydrothermal treatment of melam up to 300 °C did induce condensation but led to the
formation of melam hydrate f8l3(NH2)2]-NH - 2 HO. Melam hydrate, so far only known as
polycrystalline multiphased compound was obtainedrnystalline form for the first time,

therefore proving the high reactivity of supercatifluids and their good solvating properties.
With melam now being accessible in large amountswaith the demonstrated possibility to
enhance the solubility of melam by hydro- or sdihesmal treatment, the prerequisites to
explore the chemistry of melam in terms of acidebgesactions or coordination chemistry are

hence provided and recommend melam also for thiaesis of so-called “organic alloy¥?!

3.4 Experimental Section

Synthesis

Melam: Bulk melam was synthesized by heating dicyandiartige 11.9 - 18 mol,> 99 %,
Avocado) in a quartz inlay placed in an autoclaited with gaseous NEl(2 bar) at 450 °C
with a heating rate of 2 °C niln After a tempering time of 1-5 days, the autoclaves
cooled down to room temperature at 1 °C frémd opened carefully. Bulk melam is found at
the bottom of the inlay, sublimated melamine attteof the autoclave. Data for melam: IR

(KBr): v [em™] = 3483 (m), 3466 (m), 3457 (m), 3416 (w), 330§ &L70 (s), 1641 (vs),
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1612 (vs), 1590 (vs), 1549 (vs), 1518 (vs), 145),(2429 (vs), 1351 (vs), 1252 (m), 1175
(w), 1106 (w), 1070 (w), 1034 (w), 972 (vw), 811)(mM83 (vw), 748 (vw), 687 (w), 634 (w).

Melam-melem adduct phaseThe melam-melem adduct phase was synthesized dijnge
dicyandiamide (1g, 11.9 - Fanol,> 99 %, Avocado) in a quartz inlay placed in an elaice
filled with gaseous NEI(2 bar) at 450 °C with a heating rate of 2 °C thiAfter a tempering
time of 9-10 days, the autoclave was cooled dowmotm temperature at 1 °C rifirand

opened carefully. The adduct is found at the bottdrine inlay, sublimated melamine at the

top of the autoclave. Data for the melam-melem atpbase: IR (KBr)y [cm] = 3482 (w),
3466 (w), 3452 (w), 3387 (w), 3306 (m), 3141 (H33 (vs), 1592 (vs), 1548 (vs), 1475 (vs),
1456 (vs), 1428 (vs), 1352 (s), 1309 (m), 1255 (1405 (w), 1037 (w), 811 (w), 798 (w),
769 (vw), 759 (vw), 741 (vw), 641 (vw), 717 (w),d0vw), 631 (vw), 610 (vw).

Melam hydrate: Single crystals of melam hydrate suitable forax-diffraction analysis
were synthesized under hydrothermal conditionsdmntihg a suspension of melam (100 mg,
0.36 - 10 mol) in 30 mL HO in a quartz inlay placed in an autoclave. Theaave was
heated for 24 hours at 300 °C, then cooled dowodon temperature at 0.05 °C nfirData
for melam hydrate: IR (KBr):v [cm™] = 3451 (s), 3348 (s), 3139 (s), 1656 (vs), 1628,(
1585 (vs), 1552 (vs), 1524 (vs), 1466 (s), 1430, (¥850 (vs), 1265 (m), 1187 (w), 1031
(vw), 810 (m), 774 (w), 740 (vw), 635 (vw), 616 (w)

General techniques

Mass spectra were obtained using a Jeol MStatioB-480 gas inlet system by using Direct
insertion (DEI). Elemental analyses for C, H and N were performétth the elemental
analyzer systems Vario EL and Vario Micro (Elememaalysensysteme GmbH). FTIR
measurements were carried out on a Bruker IFS 6§péstrometer. Spectra of the samples
were recorded in an evacuated cell at ambient tGondi between 400 and 4000 ¢rafter
diluting the samples in KBr pellets (2 mg sampl@Q &g KBr, hand press with press capacity
10 kN). Thermoanalytical measurements were caowgdinder inert atmosphere (He) with a
Thermoanalyzer TG-DTA92 (Setaram). The samples Wweated in an alumina crucible from
room temperature to 600 °C with a heating rate I&f-5nin™.

X-ray diffraction: Powder X-ray diffraction data were collected onStoe STADI P
diffractometer using Ge(111)-monochromated Cu-Kadiation £=154.06 pm). High-
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temperature in situ X-ray diffraction was carrieditoon a STOE Stadi P powder
diffractometer (Ge(111)-monochromated MgrkKadiation, 1 =70.093 pm) with an integrated
furnace using unsealed quartz capillaries (& 0.5 asrsample containers. The samples were
measured from 298 K to temperatures around 773 $teps of 10 K mif, using a heating
rate of 1 K mift between the scans.

Solid-state NMR spectroscopy:The 1D solid-state NMR experiments were carrietl au
ambient temperature on an Avance 500 NMR specterm@ruker) with an external
magnetic field of 11.7 T, operating at Larmor freqaies of 500.1 MHz, 125.7 MHz and 50.7
MHz for *H, *C and N, respectively. The measurements were carriedirow 4 mm
standard double resonance MAS probe (Bruker) airanmg speed of 10 kHz. The chemical
shifts of *C and™N were referenced relative to TMS and nitromethdfte. the’H**C and
'H™*N cross-polarization (CP) MAS spectra a ramped-&og# (RAMP) shape pulse dHi,
centered on the n = +1 Hartmann-Hahn conditionh &itnutation frequencyn,; of 45 kHz
(**C) and 55 kHzfN) was used. Th&H RF field varied linearly about 20% during a canta
time of 1.5 msC) and 7 ms*N). During the acquisition of the FIEH continuous wave
(CW) decoupling with a nutation frequency of cald@z (**C experiment) and ca 70 kHz
(**N experiment) was performed. After the acquisitioftip-back (FB¥®%! pulse was applied
on 'H so that the recycle delay becomes less deperehe 'H T, relaxation time. The
recycle delay was set to 20 $Q@) and 2 s*N). About 2500 and 121000 transients were

accumulated for th€C and™N experiments, respectively.

X-ray Structure Determination: Single-crystal X-ray diffraction data of melam hgtl was
collected at 293 K with a Kappa CCD diffractomaismg monochromated MozKradiation
(A = 71.073 pm). The diffraction intensities wereledausing the SCALEPACK software
packagé?!! No additional adsorption correction was appliede Erystal structure was solved
by direct methods using the software package SHE@X&nd refined against By applying
the full-matrix least-squares method (SHELXL-87f) Hydrogen positions could be
determined from difference Fourier syntheses andewefined isotropically. All non-
hydrogen atoms were refined anisotropically. GNegraphic data for melam hydrate have
been deposited with the Cambridge Crystallograjfrata Centre, CCDC, 12 Union Road,
Cambridge CB21EZ, UK. Data can be obtained freeh&rge on quoting the depository
number CCDC-901046 (Fax: +44-1223-336-033; E-Maileposit@ccdc.cam.ac.uk,
http://www.ccdc.cam.ak.uk).
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4. Polytriazine Imide — Structure, Properties andPossible
Applications

As has been shown in the previous chapter, thigzation of ammonia and water as solvent
or gaseous admixture can decelerate condensatatiales and allows for the synthesis of
crystalline molecular carbon nitride intermediatel®wever, at the maximum temperatures
permitted by the autoclave technique used in thaskw(500 °C), the formation of highly
condensed networks is inhibited by ammonia pressloeing down reaction kinetics.
Accordingly, a different approach is necessarytfa synthesis of highly condensed carbon
nitride networks.

Salt melts have been known for a long time as leghperature inorganic solvents with good
solvating properties regarding for instance nitsidearbides and cyanates. With the melting
point of a multitude of salt melts being locatedobethe formation temperature of carbon
nitride networks (< 500 — 600 °C), their utilizatiamvercomes the immobility of larger
condensation intermediates and should thereforblerthe synthesis of crystalline carbon
nitride networks.

In this chapter, the synthesis of poly(triazine de)i with LiCl intercalation by the above
mentioned salt melt method (using a LiCI/KCI fluy described. The structure of this
crystalline network is elucidated by a complementapproach using different diffraction
techniques like electron and powder X-ray diffrantas well as NMR and IR spectroscopy.
Furthermore, the effect of LiCl intercalation redjag structural and electronic properties is
investigated. With XAS/XES and VEELS, two moderntihoels for band gap measurements
are applied to carbon nitrides for the first tine@abling a very exact and — in the case of
EELS - also local band gap determination whichasmpared to theoretical calculations. In
the last part of this chapter, the photocatalyttovity of PTI/LiCl towards visible-light driven
hydrogen evolution is examined and compared toraéWess crystalline and carbon-doped

derivates.
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4.1 Poly(triazine Imide) with LiCl Intercalation (P TI/LiCl)

All NMR measurements in this subsection were cdroigt by Daniel Gunzelmann and Prof.
Dr. J. Senker (University of Bayreuth) and willalse published as part of the PhD thesis of

D. Gunzelmann.

Poly(triazine imide) with Intercalation of Lithium and Chloride lons
[(C3N3)2(NH,Li 14)3-LICI]: A Crystalline 2D Carbon Nitride Network

Eva Wirnhier, Markus Doblinger, Daniel Gunzelmann, Jirgen Senker,
Bettina V. Lotsch, and Wolfgang Schnick

published in: Chem. Eur. J2011, 17, 3213 — 3221. DOI: 10.1002/chem.201002462

Keywords: carbon nitrides; electron diffraction; intercabais; layered compounds; NMR

spectroscopy

Abstract: Poly(triazine imide) with intercalation of lithiurand chloride ions (PTI/LCI")
was synthesized by temperature-induced condensattidicyandiamide in a eutectic mixture
of lithium chloride and potassium chloride as sotv@y using this ionothermal approach the
well-known problem of insufficient crystallinity afarbon nitride (CN) condensation products
could be overcome. The structural characterizatimfn PTI/Li"CI” resulted from a
complementary approach using spectroscopic metlasdswvell as different diffraction

techniques. Due to the high crystallinity of PTI(CI™ a structure solution from both powder
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X-ray and electron diffraction patterns using direrethods was possible; this yielded a
triazine-based structure model, in contrast topgtmosed fully condensed heptazine-based
structure that has been reported recently. Funtfiemmation from solid-state NMR and FTIR
spectroscopy as well as high-resolution TEM ingadions was used for Rietveld refinement
with a goodness-of-fit ) of 5.035 andwRp=0.05937. PTI/LiClI~ (P6scm (no. 185);
a=846.82(10)c=675.02(9) pm) is a 2D network composed of essgnfianar layers made
up from imide-bridged triazine units. Voids in teelmyers are stacked upon each other
forming channels running parallel to [001], filledth Li* and CT ions. The presence of salt
ions in the nanocrystallites as well as the existeof sp-hybridized carbon and nitrogen
atoms typical of graphitic structures was confirm®sd electron energy-loss spectroscopy
(EELS) measurements. Solid-state NMR spectroscomestigations using™N-labeled
PTI/Li*CI” proved the absence of heptazine building blockisNid, groups and corroborated

the highly condensed, triazine-based structure inode
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4.1.1 Introduction

Over the last few decades, main-group nitrides tsgmificantly gained importance in the
field of high-performance functional materials doeheir exceptional chemical stability and
properties’™ With the spotlight focused on light element-basetiides qualified for a
multitude of technological applications by theirustural variety and strong covalence,
carbon nitrides have boomed owing to their speafiemical properties. Since the “harder
than diamond” fever has been evoked by the workiwfand Cohen, much effort has been
made to synthesize dense 3D phases of binary cambae, GN,4, which was predicted to
show very low compressibility and superhardi&8s.Carbon nitride imide (€Na(NH)),
presented in 2007, was the first described crys&BD carbon nitride network and showed a
defect wurtzite-type structufd. Recently, low-density 2D carbon nitrides have ats®n
attracting interest owing to their manifold optieald electronic properties. Not only graphitic
carbon nitride (g-€N4), which is considered to be a precursor for higkspure conversion
into 3D GN,4 and computed as the most stable modification uaddsient condition$! but
also hydrogen-richer samples seem to be promismgmaterials for organic semiconductor
science, catalytic applications, and as photoaatmaterials for converting solar light into

electricity!**"

In the case of 2D graphitic carbon nitrides, aslascompounds that was already known in
1834 has regained interest. The pioneering worBestelius, Liebig, and Franklin included
the first synthesis of melon [8-(NH)(NH)], and

other deammonation products of so-called
X

; )NI\ )N\ “ammonocarbonic acids” xCsN4yNH3) such as
NN N” NS SN cyanamide or melamir&*® Due to the amorphous
Jl\N/) Jl\N/)\N/) character and undefined composition of melon, its

structure was an object of discussion for a lo i
Scheme 1.Triazine core (gNs) (left) and ) et

heptazine core (l;) (right). For the which resulted in several structural models based o
heptazine core, two types of nitrogen atoms _ o
are distinguishable: the outer nitrogen atomd$)0th heptazine or triazine cores (see Scheme 1),

and the central nitrogen atom '\ . _ .
respectively*®2>-2I Recently, a structure solution by

combination of several analytical techniques cosipg electron diffraction and solid-state
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NMR spectroscopy vielded a heptazine-based 2D nktiith With melon regarded as an
important intermediate towards giG, its structure solution adds weight to theorelycal
favored heptazine-based structure models for thidom nitride (CN) modificatiol”
However, triazine-based structure predictions atiogrto N-substituted graphite layers have
not been completely ruled ofif?°?8! A plethora of experimental efforts has been made
using chemical and physical vapor deposition tegqes as well as bulk synthesis routes to
elucidate the crystal structure of ghG. Mostly, kinetic problems such as condensationgpei
too fast and the immobility of the condensatioreintediates have inhibited a complete
reaction and yielded nonstoichiometric, amorphawsipctst: > Recently, Antonietti .
reported a novel approach to increase crystallibityusing salt melts as solvents for CN
condensation reactions. The reaction product wameld to be g-éN, and a structural model
was proposed based on staggered sheets of 2D cmutdreptazine building blocks as

predicted previously for graphitic carbon nitrité®

With their high thermal stability and their goodhsing properties regarding nitrides,
carbides, cyanides, cyanates, and thiocyanates,nsgts were already known as good
solvents in the 19608 % In particular, a eutectic mixture of LiCl and K@®ith its melting
point below the condensation temperature of melegN;@IH,); exhibits promising

capability for CN condensation reactions.

Herein we report on the synthesis and the firsinlsiguous structure solution by powder X-
ray diffraction methods for a 2D carbon nitride stk with high crystallinity due to the
usage of a LICI/KCI salt melt. High-resolution (HR)EM investigations and electron
diffraction as well as solid-state NMR and FTIR gpescopy data corroborated the triazine-

based structure model and clarified the occupaifaroids within the structure.

4.1.2 Results and Discussion

Synthesis and characterization

Heating intimate mixtures of dicyandiamide and &etic mixture of lithium chloride and
potassium chloride in sealed silica glass ampoate600°C according to the literatuf®

yielded a brownish product. After removing excessoants of salt with boiling distilled
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water a brown powder, later identified as poly@nme imide) with intercalation of lithium
and chloride ions (PTI/LCI"), was obtained. Elemental analysis yielded an apprate
composition of GNi7He3Clisliz2 with a molar ratio C/N=0.69 being closer to carbon
nitride networks such as melon (0.88)or poly(heptazine imide) (PHI; 0.65) than to fully
condensed £, (theoretical: 0.75). The color of the obtained enial is probably due to the
onset of carbonization at temperatures between &®D600C. Whereas at temperatures
above 600C rapidly increasing carbonization and decompasiticcur, temperatures below

600°C lead to a significant decrease of crystallinity.

Solid-state NMR spectroscopy

Because solid-state NMR spectroscopy is indeperafeihie long-range order of a material it
is a valuable tool for further investigations ofono- and nanocrystalline samples on local and
intermediate length scales. Bdfic and*>N magic-angle-spinning (MAS) NMR spectra have
been recorded. However, in the past especially-tégblution®N NMR spectroscopy has
proven to be very sensitive for the determinatibthe characteristic chemical building units
(see SchenB) 24381 The! N cross-polarization (CP) MAS NMR spectrum of PTITI, a

>N cross-polarization with polarization inversionRl) experiment with attenuation of NH
signals, and the curve fits of the time-dependesiarfzation inversion dynamics of the
different™N building units in a CPPI experiment are displayefigurel.

The nanocrystallinity of the material leads to anparatively high resolution of the spectra.
For a reliable signal assignmefiN CPPI experiments with and without attenuatiorNef,
signals were carried out. The number of protonsalamtly bound to different N atoms can be
determined by evaluating the time dependence optit@rization inversion dynamics of the
corresponding®N nuclei (Figurél, bottom). From these investigations two typesighals

are distinguishable. Signals betweEn-185 and —200pm exhibit a marginal intensity loss
with a continuous, slow decrease of polarizaticat B diagnostic of tertiary (tert) nitrogen
atoms in condensed CN netwofs* In addition, these signals can be observed in the
attenuated™®N CPPI experiment whereby no protons can be direetlated to thesé™N
nuclei. In contrast, two signals betwe&n-240 and —25ppm with an intensity ratio of 1:2

exhibit a two-step evolution as a functiont@f with a turning point around zero. The number
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of covalently bonded protons is accessible fromapzdtion at the crossover according to the
formula (2/0+1))-1 (=0, 1, 2) in whichn is the number of bonded protons. This allows the
assignment of these signals to K#i Based on a direct excitation the intensity ratiodoth

types is estimated to be IMer):1(NH). Signals for NH nitrogen nuclei (with a theoretical

crossover at —1/3), indicating an only partiallndensed network, could not be detected.

Additionally, >N solid-state NMR spectroscopy investigations ateekful tool for further

information on the nature of the building blockscohdensed CN networks. A differentiation
between the two most discussed building blockazitne and heptazine cores, is possible by
means of the signal for the central nitrogen attd”] in heptazine units (see Schefeln

essentially all heptazine-based compounds studiefdrs this N atom exhibits an up-field
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Figure 1. Top: N CP-MAS NMR spectrum of PTI/LCI™ (a) and
a N CPPI experiment with attenuation of NHKignals (b).
Bottom: Curve fits of the time-dependent polariaatinversion
dynamics of the differeriN building units in a CPPI experiment.
Open symbols denote the signalsiat+187 and —19ppm, filled

symbols denote the signalsdat-243 and —25ppm.
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shift relative to the outer N atoms of
the ring to values betweeix-225
and —23ppmP***48 As the signal
for the N. atom could be covered by
the broad signals of the NH nitrogen
nuclei in the®N CPPI experiment,
the NH, attenuated spectra is needed
for clarity. In this spectrd®N nuclei
with covalently bound protons are
damped almost completely, through
which nuclei without a direct proton
environment appear more intense.
Missing signals for N atoms even
in this attenuated °N CPPI
experiment exclude the presence of
heptazine units in PTI/LCI” and
corroborate a triazine-based
structure model, contrary to recent
investigations that favored
corrugated heptazine units to be the

most likely building blocks of
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highly condensed carbon nitride netwolk&:4349:50]

The *C MAS NMR spectra (Figure

2) exhibit three resonances in

c©o
885
[

region typical for both heptazine an
triazine unitd?**>*1%2 Thys, based
on the results of thé°N data an

assignment to the carbon atoms

the triazine building blocks ol
PTI/Li'CI” can be made. Wherea
two resonanceséo£162.6 and 157.9 -«

ppm) are well developed already fc

21;0 l 250 I 2(‘30 I 1é0 ‘ 1é0 I 1:10 I 1 éO I 1 (I)O I 8‘0
5/ ppm
short CP contact timeg)], a third
Figure 2. a)®C direct excitation spectrum of PTINGI-
resonanced=168.0ppm) evolves for (spinning side bands are marked by asterisks); ‘&ndCP-
MAS NMR spectra recorded with contact timeg ©f b)0.5

=10ms  (Figur&c). In direct 4 c)LOms.

excitation (Figur@a) all three
signals show an intensity ratio of 1:1:1, which destrates that two thirds of the C entities

have significantly closer contact to

260 protons. The splitting of the NH
{250 resonances in th®N MAS (Figurel)
_240 as well in the'®C MAS (Figure2)

{230 NMR spectra is consistent with the

[ § Li*/H* ion disorder observed in the

--210% channels of the PTI/LCI” structure
3 [ E model (see below). From derivation of

the intensity ratio of the'™N MAS

1-190

measurement with direct excitation, the
1-180

disorder seems to involve a partial
1-170

—1;’0 —1;0 —1;0 —2(.)0 —21.0 —22.0 —23-0 —21;0 —2;0 -260 deprOtonatlon Of Imlde units (roughly

15 oo .
N-Shift/ ppm one of three NH groups). While tfé
Figure 3. "N 2D-fp-RFDR experiment for a mixing time of resonances a#=162.6 and 157 8pm

80ms to probe the spatial proximity of the NH and ;NC . . .
building units by means of homonuclear spin difusi with the faster polarization buildup
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would belong to C nuclei located next to the prated triazine N atoms differentiated only
by their Li" environment, C species adjacent to nonprotonagd\ atoms would exhibit the
resonance at=168ppm.

To probe the homogeneity of PTI’OI™ on the nanometer scale® 2D-fp-RFDR (finite
pulse radio-frequency-driven dipolar recouplingpesiment with a mixing time of 8ds was
collected (Figur®). It allows the analysis of the spatial proximif*°N nuclei based on
radio-frequency-driven homonuclear spin diffusiém.a *°N fp-RFDR spectrum of &°N-
enriched compound, cross intensities (off-diagosighals) develop when the nuclei are
sufficiently close to each other (5-AR In Figure3, cross peaks are observed between all
nitrogen resonances depicted in the 1D MAS spectkigurel), which is a strong indication
of the homogeneity of the sample. Whereas the @osslation between the NH groups and
the NG units of the triazine rings is already well deyd for a mixing time of 8@s, the
cross peaks between both NH signals just start ginge(Figure3). This suggests that the
mean NH-NH distance is significantly longer (bygbly 40 to 50%) than the average NE
NH distance. Since the splitting of the NH resomanis caused by I/H" disorder, this

allows the characteristic length scale for the iisoto be placed belowit

IR spectroscopy

The FTIR spectrum of the product is displayed iguFé4. The width of the bands is
characteristic of networks as singl
absorptions are difficult to resolve
Nevertheless, the resolution of the |
spectra is high enough to be indicati\

of an at least partially ordere:

Transmission / a. u.

material. Due to the sharp band

about 81@m* that can be assigned t

ring-sextant  out-of-plane  bendin

I 1 | 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm”

0.0 Il I 1

vibrations, triazine or heptazine unit
are likely to be the elementary buildin

Figure 4. FTIR spectrum of PTI/CCI” recorded as a KBr
blocks of this materidf**>%*%1 pellet between 400 and 4000 .
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Although a differentiation between both ring syssecannot be made by FTIR spectroscopy,
the exclusion of heptazine units by solid-state N&ffectroscopy relates this signal to triazine
building blocks. The linkage of these ring systdaydNH groups is proven by the presence of
the prominent absorption bands in the 1200-1490 region that have been shown to be
characteristic for the C-NH-C unit in melam and omf*>->% According to the*N NMR
spectroscopy data, absorptions found in the N Hcstirey region near 3310 and 3266
were exclusively assigned to NH groups, with thigtspy (with an intensity ratio of the two
bands of approximately 1:2 being consistent WiNiVIR spectroscopic data) being evoked by
Li*/H" ion disorder in the channels of the PTICI™ structure (see below). The broadness of
the signals as well as the absence of, Njfbups corroborate the existence of a highly

condensed network.

Electron microscopy

Scanning electron microscopy
images (Figur8) gave a deeper
insight into the morphology of
the product. Its micro- and
nanocrystalline character is
shown by the formation of
hollow tubes with a diameter of

about Ium and a length of
Figure 5. Characteristic SEM images of PTI/OI™ taken from various .
sample regions. The images reveal the microcrimattharacter of S€veral micrometers. Energy

the sample in the form of hollow tubes. . . .
dispersive  X-ray analysis

(EDX) investigations for semiquantitative analygreved the equal distribution of the molar
ratio C/N as well as the ubiquitous presence ofrié.

The small crystallite size apparent from SEM imaggsludes a structure elucidation by
single-crystal X-ray diffraction. For such matesialransmission electron microscopy (TEM)
and electron diffraction (ED) are valuable toolsptovide structural insights. TEM images
(Figureb) reveal the microtubules as an oriented asseofldtyexagonal prismatic crystallites
(diameter about 5@m, in agreement with estimated crystallite sizesnfthe powder XRD
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results) with the hexagona
axis of the crystallites beinc
parallel to the long axis of the

microtubules.

HRTEM images (Figuré,

left) suggest a hexagone

symmetry of the prisms.

Electron diffraction (Figuré, Figure 6. TEM images of PTI/LiCI” showing hexagonal prisms on
the nanometer length scale.

right) confirmed the hexagona.

symmetry with a hexagonal lattice parameteB55 pm. Despite the arrangement of most
hexagonal prisms along a preferred orientatiorfratifion patterns of different orientations
were recorded (Figu®). The
broadening of reflections
observed in thehOl plane is
caused by rotational disorder
because of slightly tilted
domains. However, most

diffraction patterns show very

sharp symmetric peaks that
Figure 7. Left: HRTEM image of PTI/LICI"; right: SAED pattern of )
the hkO plane, both showing the hexagonal array of latfitanes in render disordered structures

[001] orientation. quite unlikely.

The SAED pattern of thieOl plane shows the well-defined stacking of layenpeedicular to
the hexagonal axis with ar
interplanar layer distance o
330pm being typical for a
graphite-like stacking. Togethe
with the hexagonal intensity
distribution along the [001]
zone axis this feature allows th

classification of the material a:
) Figure 8. SAED patterns of thé0l plane (left) and thénhl plane
a member of the wide class ¢ (right), both showing the systematic abse@k|=2n+1.
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graphite-like CN compounds considered as intermeslian the way to graphitic carbon

nitride [24:28:36:43]

Evaluation of the observed systematic absencebeimn@l and thehhl plane Q0I: |=2n+1,
Figure8) suggests the presence ofzaafis, which renders a heptazine-based structuagemo
quite unlikely. The &symmetry operation and the determined hexagonttdaparameter
cannot be aligned with the metric of a heptazingedastructure model with appropriate CN
distances of 120-146n. No evidence for corrugated layers (as receptlydicted for
graphitic carbon nitride network&)®” that could allow the presence of heptazine urdts h

been obtained from HRTEM images, nor from electiifinaction (ED) patterns.

By taking into account some promotive factors (itlee light atom structure and the planarity
of the layers), a structure solution based on edacdiffraction data (52 independent
reflections) was possible. Although the kinematiapproximationlngoc|Frqf’ could only be
used with constraints due to the sample thickreessazine-based structure model analogous
to PHI*®¥ with a figure of merit of 24 was elucidated by using SIR-8%.All carbon and
nitrogen atoms could be located with reasonablel lamgles and lengths. In conjunction with
information from ED data (lattice parameters, syrimgn@perations) this structure model

made important contributions to the structure sotufrom powder XRD data.

Electron energy-loss spectroscopy (EELS) provitiescapability to examine the presence of
light elements on the nanometer scale. EELS spedtiaexagonal nanoprisms (Fig@e

confirm the presence of lithium and chlorine ingl@anocrystals with ionization edges at an
energy loss of 68V (Lik)
and  200-24eV  (Cl,,),

respectively. Therefore, the

CK

very existence of the ions a
residual salt in the bulk car C\ NK

T e
be excluded: both the lithiun ="

T T T T T T T T 1 T T T T T ]
120 160 200 240 280 320 360 400 440 480 10 30 50 70 20 110 130
Energy loss / eV Energy loss / eV

and chloride ions have to b
Figure 9. EELS spectra of a hexagonal prism, showing lithiwrarbon-,
part of the crystal structure a anqg nitrogen-K ionization edges as well as chistirienization edges.

they were found in the nano
crystals. Carbon- and nitrogen-K ionization edge2%® and 416V are consistent with the

triazine-based structure model from ED data as begions show sharply defined and c*
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fine structural features that are characteristicsf-hybridized carbon and nitrogen atoms in

graphite-like structure§?-°

Structure solution and refinement

FigurelO displays the powder X-ray diffraction patternXBD) of PTI/Li'CI". With its

strongest reflection indexed as 002 by analogy raplgte it is indicative of a layered

Intensity / a. u.

[ P [ It (A e A IR |

N L

0 10 20 30 40 50 60

70

Figure 10. Rietveld refinement of the X-ray diffraction dafar

PTI/Li*CI". Measured data are indicated by crosses,

refiatca ahd

the difference profile are given as solid lines.a@y peaks are

indicated by vertical bars.

compound with an interlayer
spacing of 3.3@[1:31:33:36.5354]

Contrary to almost all CN

condensation products obtained
so far, PTI/LICI” exhibits a

number of well-resolved and
intense  X-ray reflections,
thereby indicating the high
crystallinity induced by the salt
melt technique. The
broadening of single

reflections can be assigned to

the nanocrystalline character of the sample. Anluatimsn of the PXRD data using the

Scherrer equation yielded crystallite sizes betwagand 6&m °!

The high crystallinity of PTI/LICI” allowed
for a structure solution by direct methoc
from the X-ray diffraction pattern, whict
yielded a layered, triazine-based structt
model corroborating the structure solutic
from ED data for the bulk material. Afte
introducing further information from solid:
state NMR and FTIR spectroscopy as well
electron diffraction and HRTEM

investigations, a Rietveld refinement of the ;
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Table 1. Crystallographic data of the structure
solution and refinement of PTIAGI".

space group

P6scm (No. 185)

T K] 293

a[A] 8.4684(10)
c[A] 6.7502(9)
VA3 419.21(9)
diffraction range 0°<20<75°
no. data points 1726
observed reflections 52

independent parameters 92

GOF

5.035

R indices (all data) [%] Rp =4.177wRp = 5.937




Chapter 4: Poly(triazine Imide) — Structure, Propes and Possible Applications

ray diffraction pattern was carried out (Figliy. Details regarding the data collection and

refinement are summarized in Table

Poly(triazine imide) (PTI), a structural analogue poly(heptazine imidéf® comprises an
infinite 2D network of triazine units that are cemded by means of NH bridges (Figliig.
With its triazine-based structure corroborated blydsstate NMR spectroscopy, PTI forms a
contrast to many other high-temperature condens&id networks built up from heptazine
units?*3%43 e assume that the utilization of salt melts dekizals or even decomposes
heptazine units at higher temperatures, since theemise of heptazine-based precursors like

melem®® leads to the formation of triazine-based PTI & &0

Regarding the 2D organization of its
C/N/H network, PTI bears a clear
resemblance to ¢BlgHs-HCL.*® However,
the stacking order of the latter Li-free
compound results in an overlap of the-Cl
containing voids, whereas the voids of the
layers of PTI/LICI” are stacked upon each
other forming channels along thexis by
ABA stacking, which yields a zeolite-like
porous motif. Due to its smaller pore size
than PHI, the channels in PTI are filled
with Li* and CT ions according to
elemental analysis, ICP, and EELS

measurements. In parallel projection,
Figure 11. Parallel projection of the structure of resemblance with the NPO zeolite

nitrogen atoms in a plane and chlorine atoms shiftg '

(001/4). The depicted Lpositions have an occupancy of CI” ions are placed in the center of the

1/3. Bottom: Projection of layers with ABA stacking -

leading to the formation of channels along ¢heis. channels and Liions surrounded by two
CI" and two N atoms in a tetrahedral

arrangement occupy the inner walls of the charWélEigurell displays a 2D projection of

the crystal structure of PTI with Liand CT intercalation (PTI/LiCI"). We assume that the

almost planar arrangement of the layers (Fig@)econfirmed by ED data arises from
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conjugation within the layers and the intercalatainsalt ions. Additionally, the interlayer
spacing of 3.38 determined from the strongest reflection in théRP indexed as 002 by
analogy with graphite is significantly higher than other graphite-like CN condensation
products. Compared with melon (349 PHI (3.204), and GNgH3-HCI (3.214)242843 thjg
enlargement can be attributed to the incorporadio@l ions, the effective ionic radii (3.34
A) of which require a widening by more than 8.10wing to spatial reasons the Gdns are
shifted by (00 1/4) to the CN layers as igns occupy the voids coplanar with the C and N

atoms.

An exact determination of the Li l—’
positions turned out to be difficult due t
the elusive nature of Li regarding mo:

crystallographic and analytical method

By taking into account appropriat
distances of Li-N and Li—ClI the positio
at the inner walls of the channels is tl

most reasonable localization for the'L ©

ions. A difference Fourier synthesis aft

refinement of the CN network and the C

Figure 12. ABA stacking of layers in PTI/LCI” along
atoms corroborated this consideration thec axis with a nearly planar arrangement.
showing blurred electron density along
the channels with maxima at the height of the GQMida This implies a partial occupancy of
the Li" sites that was corroborated by structure refingmEnll occupancy of the Li

positions shown in FigutEl is not possible with respect to charge compersat

As shown above, PTI/LCI™ provides another example of a successful structotetion
including complementary diffraction and spectroscapethods. Whereas the structure of the
triazine-based CN “backbone” and the stacking oedewell as the position of the chloride
ions were clearly determined, the position andritstion of H and Li atoms is not yet
unequivocal. Both NMR and IR spectroscopic datagesty Li/H" ion disorder in the
channels of the PTI/LCI™ structure model involving partial deprotonationirafde units. The
ratio Ne/NH of 3.6:1 as determined byN direct excitation measurements indicates the

deprotonation of two imide groups per unit celliethyields approximately the molar ratio
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N/ NH given above. Substitution of the protons by tauses a certain phase width, which
results in the formula [(§N3)2(NH,Li1-)3-LiCl]. By combination of the LVH" disorder and
the partial occupancy of the'Lsites the signal splitting and the intensity ratidoth*>N and
13%C MAS NMR spectra and the FTIR spectrum are cossistith the structure model
presented. Based on the fp-RFDR experiments (F&)utbe proximity of the individual NH
groups was estimated to be smaller thak #hich suggests a local disorder within the
channels in contrast to the formation of small domaThe disorder pattern will be the
subject of further investigations including advasthddMR spectroscopy experiments and

theoretical calculations.

4.1.3 Conclusion

With poly(triazine imide) we present a triazine-ed<CN network, the high crystallinity of
which enabled a structure solution by X-ray diffrae methods. Prepared from
dicyandiamide condensed in a eutectic mixture oflLand KCI, brownish PTI/LCI®
crystallizes in the hexagonal space gr&fagcm with cell parameters cd=846.82(10) and
c=675.02(9) pm, as determined by HRTEM investigations and sdectnd powder X-ray
diffraction. As proved by solid-state NMR and FT$Rectroscopy, the 2D layered compound
is composed of imide-bridged triazine units yiefflia partly condensed 2D network with
triangular voids, thereby excluding the heptaziasdal structure model recently proposed for
the same compound that was assumed to bgNg#¥ The 3D examination of PTI/LCI
exhibits a zeolite-like porous motif as thé-Land CT-filled voids of these layers are stacked
upon each other forming channels along ¢thaxis. The intercalation of ions results in an
augmented CN layer distance of 386 and an almost planar arrangement of the layers.

The fact that PTI, contrary to most other CN compsu synthesized at high
temperature§**43 is not built up from heptazine building blocksises the question as to
the unexpected stability of triazine units undexsth synthetic conditions, since even the use
of heptazine-based precursors like méférteads to the formation of triazine-based PTI. Just
recently, investigations regarding the stabilitytbé heptazine-based compound melon in
potassium and sodium cyanate melts have shownathe slecomposition behavior, thereby

yielding the corresponding tricyanomelaminate i6fs;this renders the temperature-
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dependence of the degradation of heptazine unitstenstabilization of triazine units in salt

melts important research topics for the future.

As CN networks gain more and more attention forirtheatalytic and electronic
propertie§>%-" an investigation of the potential of this mateiilhighly desirable. The
intercalation of ions in CN compounds holds the kery tunable bandgap sizes to create
promising candidates for organic semiconductors.this context, disorder phenomena,
concerning the H/Li distribution in the channelsdatie insertion of other ions by ion
exchange, for instance, will be studied. Other stigations will focus on ion conductivity of
these systems or their application in optoelecomrnBeyond that, the structural investigation
of this material that has the same composition @®mwith regard to the C/N/H framework
sheds new light on the old discussion of heptaamiiazine units being the building blocks
of highly condensed CN networks. Providing a betterderstanding and control of
condensation processes, ionothermal synthetic egiet and their products such as
PTI/Li*CI” represent important intermediate steps on thetwélye still hypothetical graphitic
carbon nitride.

4.1.4 Experimental Section

Synthesis of PTI/LICI®

Dicyandiamide (0.209, 2.38nmol) and a eutectic mixture of lithium chloride9(8mol %,
0.904g, 21.33nmol) and potassium chloride (400®1%, 1.096), 14.70dnmol) were ground
together in a glovebox. The reaction mixture wasgferred into a dried thick-walled silica
glass tube (g=15mm, @,=11mm). The tube was placed in a vertical tube furnace
heated under atmospheric argon pressureKané * to 400°C. This temperature was held
for 12h and afterwards the sample was cooled to roomeeatyre at & min™>. After this
procedure the tube was evacuated and sealed agjth lef 120nm with a hydrogen—oxygen
burner. The resulting ampoule was again placed weracal tube furnace and heated at 10
K min™* to 600°C at which temperature the sample was held fdn. 4&fter being cooled

down to room temperature K8min™) the ampoule was carefully broken, and the sampke

61



Chapter 4: Poly(triazine Imide) — Structure, Propes and Possible Applications

isolated and washed twice with boiling water to oemresidual salt. The resulting material
was dried at 200C/5x10“mbar to yield PTI/LiCI” as a brown powder (60—8ty, 37-50%).

IR (KBr): v= 3312 (w), 3198 (w), 1574 (m), 1479 (m), 1378 (914 (s), 1289 (s), 1187 (w),
810 (w), 786 (w), 666m™* (vw); elemental analysis calcd (%) for {@G)-(NH)s:LiCl]: C
29.59, H 1.24, N 51.76, Cl 14.56, Li 2.85; found2€.6, H 1.3, N 50.4, Cl 11.0, Li 4.6.

General techniques

Elemental analyses were performed on a commercidl, ©, Cl Vario EL elemental analyzer
system (Elementar Analysensysteme GmbH). Lithiunangtication was performed by
atomic emission spectrophotometry with inductivedypled plasma (ICP-AES) on a Varian-
Vista simultaneous spectrometer. FTIR measurenvesrts carried out on a Bruker IFS 66v/S
spectrometer. Spectra of the samples were recandsd evacuated cell at ambient conditions
between 400 and 40@fh* after diluting the samples in KBr pelletsni® sample, 306g
KBr, hand press with press capacitykN). Scanning electron microscopy was performed on
a JEOL JSM-6500F equipped with a field emission guan acceleration voltage okV.
Samples were prepared by putting the powder specioneadhesive conductive pads and
subsequently coating them with a thin conductiveaa film.

Powder X-ray diffraction data were collected in @yaBrentano geometry on a Bruker D8
Discover diffractometer (Gobel mirrors, kg radiation,1=154.18m). The structure was
solved by direct methods with the EXPO program pgeék’’ and refined in space group
P6scmusing the program TOPAS! Further details of the crystal structure invegstaes can
be obtained from the Fachinformationszentrum Kahler 76344 Eggenstein-Leopoldshafen,
Germany (fax: (+49J247-808-666; e-mail: crysdata@fiz-karlsruhe.detp:Hvww.fiz-
karlsruhe.de/request_for_deposited_data.html) ootimg the depository number CSD-
422088.

Solid-state NMR spectroscopy

3¢ and™N MAS solid-state NMR spectra were recorded at ambtemperature on the
conventional impulse spectrometer Avance Il 300uki®r) operating at proton resonance
frequencies of 75.5'{C) and 30.4MHz (**N). The samples were contained in 3.2, 4, and 7
mm ZrG; rotors that were mounted in standard double-resm®AS probes (Bruker). The
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3¢ signals were referenced with respect to TMS ‘8Ndsignals were referenced relative to
nitromethane. For all experiments broadband prod@coupling using the SPINAL64
sequence was applied. The CP experiments were ctmtwith a ramped cross-polarization
sequence by decreasing thé pulse power linearly by 5. The'®N CPPI experiment was
made at a rotation frequency of Bz and an initial contact time of b¥s, whereas for the
>N fp-RFDR experiment the rotation frequency wa222kHz and the contact time was 20
ms. During the mixing time of 79.98s, 180° pulses on tH&N channel were applied at every
middle third of a rotation period to recouple thpalar interaction betweeltN nuclei. The
ratio of tertiary nitrogen atoms to NH atoms wakwaated by means of 8N measurement
with direct excitation. To ensure equilibrium caimhis the ®N-enriched sample was

measured with a recycle delay of 7208nd &cans.
Electron diffraction/transmission electron microspy/EELS measurements

ED and TEM measurements were carried out on a R&ahB0-300 equipped with a field
emission gun operating at 3k@. The images were recorded using a Gatan Ultra3680
(2kx2k) camera. EELS was performed in diffractioada at 30&V on a post-column filter
(GIF Tridiem 863). The sample was finely disperbgdsonication in a ethanol suspension,
and a small amount of the suspension was subsdyukspersed on a copper grid coated
with carbon film. The grids were mounted on a dettiit holder with a maximum tilt angle
of 30° and subsequently transferred to the micipsc&eflection intensities were extracted
using the ELD program packajé’® The observed absend@®l: 1=2n+1 indicates the
presence of as@axis. The most probable solution as found by STiR¥had a figure of merit
of 24%.
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4.2 Bandgap Determination of PTI/LICI

All bandgap calculations and XAS/XES measuremaeritsis subsection were carried out by
Eamon McDermott (University of Saskatchewan, Canadsisor: Prof. Dr. A. Moewes) and
werealso published as part of his master thesis.

EELS measurements were conducted by Kulpreet &. (MU Munich, advisor: Prof. Dr.
C. Scheu) and Yaron Kauffmann and Wayne D. Kaplathnion — Israel Institute of
Technology, Haifa, Israel).

Band gap tuning in poly(triazine imide) - a nonmetllic photocatalyst

Eamon McDermott, Eva Wirnhier, Wolfgang Schnick, Kulpreet Singh Virdi, Christina

Scheu, Yaron Kauffmann, Wayne D. Kaplan, Ernst Z. Kirmaev and Alexander Moewes

published in: J. Phys. Chem. €013 117, 8806-8812; DOI: 10.1021/jp4002059
Keywords: carbon nitrides; water splitting; X-ray spectrgsgoDFT; layered compounds

Abstract: We have used a combination of X-ray and eleceoergy-loss spectroscopies
along with DFT calculations to investigate the &fmaic structure of PTI/LICI, a graphitic
carbon nitride-type material with LiCl intercalatishown to photocatalyze the water-splitting
reaction. The material is shown to have a bandtigapis tunable with LiCl loading, with a
minimum gap of 2.2 eV when fully loaded. This sugjgethat PTI/LiCl may be further
optimized through control of their LiCl loading, cdishows that graphitic carbon nitride-type

materials can be chemically tuned to improve thhwotocatalytic activity.
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4.2.1 Introduction

Graphitic carbon nitride-type materials are an eimgy class of functional semiconductors
which have recently drawn considerable attentiore do variety of their potential
applications, including metal-free catalySlsserving as mesoporous templates for metal-
nitride synthesi€' optical sensing for metaliofis and photocatalysté> The physical
properties of these materials are well-suited f&& as a water-splitting photocatalyst as they
are insoluble, as well as physically, photo andrntadly stablé*®” Additionally, graphitic
carbon nitride-type materials have been shown tblenmetal-free photocatalysis, enabling
hydrogen reduction in water using naturally abumdgaments along with light from the
visible spectruni*>® This is in contrast to traditional inorganic pheatalysts, such as TiQ

which primarily absorb UV radiation due to theighiintrinsic band gal3:**!

Modifying the chemical composition and morpholog¥ mon-metallic catalysts offers
considerable flexibility in tuning their physicalammeters! For example, theoretical
predictions show that a heptazine-based graphaticon nitride-type structure should be more
stable than triazine-based structUt@sHowever, a highly crystalline triazine-based e,
poly(triazine imide) (PTI/LICl), has been synthesizby condensation of dicyandiamide in a
eutectic LiCl / KCI salt mixturé? As a result of this synthesis route; land CT ions are
incorporated into the triazine imide network. Th#ses the possibility of modifying the
electronic structure of this graphitic carbon wigdtype material by tuning the loading of
these ions, which may serve to donate or withdriaavge from the primary polymer matrix.

PTI/LICI as synthesized is a dark brown-colored gew and exhibits photocatalytic activity
as measured by tevolution® It has also been shown to have a small improverirent
photoactivity compared to yellow-colored polymemelon!*® Practical photocatalytic water
splitting has to date been limited by a lack of enials having an appropriate conduction band
edge energy to allow hydrogen reduction, as welh dasw enough band gap to generate a
reasonable photocurrent from the available solactspmi™®** Therefore a study of the band
gap and band edge positions of PTI/LICl is impdrianunderstanding this improvement in

performance.
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In this work we probe the valence band electrotmiacture of PTI/LiCl using X-ray Emission
Spectroscopy (XES) and its conduction band stractiging X-ray Absorption Near-Edge
Spectroscopy (XANES) and electron energy-loss spsabpy (EELS). XES measures a core-
hole lifetime broadened ground-state valence baatigb density of states (DOS), while
XANES measures a conduction band partial densistaies in an excited state caused by the
transition of a core-level electron to an unoccdpstate. By interpreting these experimental
probes using an electronic structure model, prodlucging a linearized augmented plane
wave plus local orbital (LAPW+lo) density functidrtaeory (DFT) codé™> we estimate the
band gap of PTI at different levels of LiCl loading

In the past, characterization of carbon nitrides been performed by XES and XANES for
plasma sputtered filmM&!” These measurements were notable for having muatpeh

spectral features than other carbon-based solicdls as graphene or diamond. In addition,
XES measurements of ion sputtered,Gikns demonstrate the dominance of &gbridized

carbon in these graphitic carbon nitride-type malgras well as demonstrated the sensitivity
of XES to the two inequivalent, bulk N sites in ghesystems (as first demonstrated by
XPS')). The high quality of X-ray spectra for this méérclass supports the use of these

techniques in studying related materials such d4_FT.

The elementally specific band gap derived from X-spectroscopy is compared to a band
gap determined using valence electron energy-lpsst®scopy (VEELS) performed in a
monochromated transmission electron microscope (TEMis method has been used to
determine the band gaps of semiconductors such asdSGaN® and insulators such as
Si0?Y In general, EELS uses a spectrometer to analygetrehs transmitted through a
sample, and is able to resolve energy losses aegudue to both core and valence level
electrons being excited into higher energy unocaigtates. By analysing the electron energy
loss near edge structure (ELNES) associated wegmenhtally-specific absorption edges, a
wealth of chemical information can be extractedmfra sample, such as its oxidation
staté???l and site coordinatioi¥ Experimental conditions are usually chosen sugt th
dipole allowed transitions are probed and dipolebiftden transitions are minimized,

resulting in measurements that are comparable tNE3
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4.2.2 Experimental Section

For the synthesis of PTI/LiCl, dicyandiamide (0.2)®.38 mmol) and a eutectic mixture of
lithium chloride (59.2 mol%, 0.904 g, 21.33 mmoldapotassium chloride (40.8 mol%,
1.096 g, 14.70 mmol) were ground together in a gbox. The reaction mixture was
transferred into a thick-walled silica glass tulbde tube was heated in a vertical furnace
under argon atmosphere at a rate of 6 K’niin400 °C where they were held for 12h. After
heating, the samples were returned to room temperait 6 K-miff. The tube was then
evacuated and sealed with a hydrogen-oxygen batreedength of 120 mm. The sealed tube
was then heated to 600 °C at a rate of 10 K'naind held at this temperature for 48h. The
sealed tube was again returned to room temperg8ikemin’) and the contents washed
twice with boiling water to remove any residuatl saixture. Finally, the material was dried at
200 °C under 5 x IOmbar, resulting in 60-80 mg of dark brown powdgemental analysis
of the resulting product is summarized in Table 1.

Table 1.Elemental Analysis Results of PTI samples. PTI/LICI with reduced LiCl content
Sample wt.%) C N H L Cl was prepared by Soxhlet extraction
PTI/LICI 2958 50.35 1.30 459 10.99
PTI/(LiCl)o.c 31.25 51.15 2.04 2.08 5.97 of 500 mg PTI/LICl with 200 ml
PTI/(LiCl)o. 5 31.22 5223 242 101 3.00 o
PTI/(LICI), 32.21 53.72 245 0.35 0.00 Wwater for 20, 24 and 72h, giving

molecular formulas of

PTI/(LiCl)o 5 PTI/(LiCl)o 25 and PTI/(LICl), respectively. The resulting samples were dried at
200 °C, 5x 10 mbar to yield brown powders (430 mg to 470 mg j2@hd 400 mg to
435 mg (72h)). Results from elemental analysis haf products after extraction are also

summarized in Table 1.

X-ray emission spectroscopy was performed at Been@i0.1 at the Advanced Light Source

at the Lawrence Berkeley National Laboratory. BeaenB.0.1 uses a spectrometer with a

Rowland-circle geometry to resolve X-rays emittgd b sample undergoing excitation by

synchrotron radiation, achieving a resolving poeeE/AE = 1000. Measured samples were

mounted at a 30° angle with respect to the incidediation, while the spectrometer is

mounted at a 90° angle. The spectrometer entrandenanochromator exit slits were
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oriented to open and shut in a line perpendicwathe plane of the horizontally polarized

synchrotron radiation. Non-resonant emission spewvtere collected using X-ray beam
excitation energies above the associated absorgitye of the element in question (C,
320 eV; N, 420 eV; O, 550 eV). Resonantly excitedission measurements were also
performed to differentiate between different N site the PTI/LiClI samples. The powdered
samples were mounted using carbon tape to a candysate; additional test measurements
with samples mounted on indium foil showed no abotron from carbon tape to the

measurements.

X-ray absorption spectroscopy was performed asfinerical grating monochromator (SGM)
beamline at the Canadian Light Source located etUthiversity of Saskatchewan, Canada.
Samples were oriented with the incident synchroteatation along the surface normal and
grounded using carbon tape. Absorption total fleceace yield (TFY) was measured using a
channel plate detector. Total electron yield (TEE¥)s measured using an ammeter connected
to the sample ground as X-ray generated secontizntyans left the sample surface.

Transmission electron microscopy was performed lon fully loaded PTI/LIClI powder,
which was dissolved in ethanol and drop coated taa®ey C coated Cu grids (Plano GmbH,
Germany). An FEI TITAN 80-300 scanning TEM equippedh a field emission source,
Gatan Tridiem 866 energy filter, and a Wien-typenoahromator was used to perform the
measurements. The EELS data were acquired in TEMemwing a collection angle of
9.5 mrad. A dispersion of 0.01 eV/channel was dse®YEELS and 0.2 eV/channel was used
for core-loss measurements of C and N K edges. hergy resolution of 0.19 eV was
determined using the full width at half maximumtbé zero-loss peak (ZLP). A power-law
function was used to fit the tail of the ZLP fomstaction as used by Erni and Brownifil.
The onset of the sample conduction band was detednusing two methods: from the
observed onset after ZLP subtraction and from ealirextrapolatiof” In addition, for core
loss excitations, the background of the C and Ndies was subtracted using a power law

fitting.!>®!
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4.2.3 DFT modeling

Because of the complexity of the physical structokd”TI/LiCl, a model of its electronic
structure is useful in deconvoluting our experiménmheasurements. DFT modeling was
performed using the generalized gradient approxanaiGGA) as formulated by Perdew,
Burke and Ernzerhof as the exchange functiéthand ignoring van-der-Waals interactions.
The N K XES measurements in particular have a narabéatures that originate from the
inequivalent sites within the crystal unit that anere easily differentiated by using a model.
Since the occupation scheme of Li and H withingbees of PTI was not known in advance
from the crystal structure refined from powdereday-diffraction (PXRD), it was necessary
to attempt a number of possible orientations t@rmeine the most stable configuration. As
the Li average positions were known and FTIR spsctpy indicated the presence of imide
linkages between triazine units within, severahagements of Liand H could be tested.
Candidate structures were force-optimized withie ttonstraints of the PXRD lattice
parameters and the resulting structure was compardte original PXRD refinement to
determine fitness. Fithess was also assessed kgbiliy of the calculation to reproduce a
band gap lower than our experimental result (as B&lculations generally underestimate the
band gap of a semiconductd) as well as to reproduce the valence band features
experimentally observed in PTI/LICI. The resultipartial DOS for model low and high LiCl-

loaded structures are shown in Figure 2.

From the PXRD structure, PTI/LICl is expected tedavo inequivalent N sites: sites within
the triazine ring (N-1) and the imide linkage si{Bls2) that bind to H, as depicted in Figure
1a. Previous study of PTI/LiCl using NNIR also indicates that partial substitution of for

H" in the imide units occurs in the sample at highdiog. This substitution is therefore the
expected method for Li loading above the basic aeil structure of PTI/LICI refined from
PXRD. To model this requires the introduction obtwi per Cl atom in the pores of the
model and the removal of a H to maintain chargarxzd. However, there are several possible
arrangements of this additional Li, and the strtadtoandidate that best balances the repulsive
forces within the pore was found to be two adjad¢eimns opposed by two NH groups on the
opposite side of the pore; this arrangement is tegersed on the adjacent PTI layer. As a
result of this H substitution, an additional ineguient N site is introduced into the model

(denoted N-3).
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© c

© N/N-2
© N-1
Q c

o H

Q:
e

oo oo
oy ol 94
L e »

N-3 w/o H NH group N-3 w/o H NH group

(d) Location of the N-3 site within the high-Li (e) Valence electron density about the Nt s
PTI/LICI structure.

Figure 1. (a) PTI/LICI structure derived from PXRE! The inequivalent N-1 and N-2 sites are in magenth
red respectively, C in green, Cl in black and Libine. (b,c) Structural candidates used for DF Twations,
with H in pink. The high Li loading structure (cpe/found to agree well with experiment and is wsed model
for PTI/LICI at full loading. The structures obserthe same AB layer stacking perpendicular to tlaplgtic
plane as the PXRD-derived structure. (d,e) In tigdhi loading model, an N-3 site with two neighbay Li
atoms displays a unique valence electron density.

74



Chapter 4: Poly(triazine Imide) — Structure, Propes and Possible Applications

Since the high-loading DFT model contains threegumealent N sites in different local
chemical environments, it becomes important to iciemshe binding energy shift of their 1s
levels, relative to which we measure valence barmayXemission. While it would be most
appropriate to determine this splitting with an Xf8asurement, this is precluded by the lack
of a macroscopic crystal to measure; however duglettron DFT model can also provide
relative binding energies between the sites. Inhilgh-Li model, the core level for the N-2
site has the highest binding energy, followed leyfR1 site 1.3 eV below it, with the N-3 site
at lowest a binding energy 1.9 eV below the N-&.slthese core level shifts, combined with
the valence band density of states contributed dnh esites, are then responsible for the

energy position of each N site’s contribution te theasured X-ray spectra.

Of particular interest in the calculated results tlre highest-energy N states, which should be

strongly responsible for photoabsorption, as Niggssare also a component of the conduction

T — - — T - , band minimum. The N-3
0.8 - : : N
1 N-2| site in the high Li
0.6 PR T .
1 —C structural model is an
0.4 Li

imide linkage that has
had its bonded H

removed, and is instead

0.2 4

0.0 ==

12 coordinated with two Li

0.8 sites. The charge density

Decomposed DOS (states/eV/site)

0.4 about this  position

0.0 becomes unique in the

DFT model, causing a
Energy from VB

(eV)

" splitting of the N 2p
Figure 2. Comparison of the broadened total DOS broken doyelement
for the low Li (top) and high Li (bottom) DFT modelThe contribution of N
states is further split by site, and the CI contitn is scaled by 1/5 for contribution of states just
clarity. In both high and low Li loading there issharp Cl 2p feature at the

valence band maximum that weakly hybridizes witar@ N 2p states. The below the valence band
conduction band minimum consists of hybridized @ &h2p states, with C . .
dominating. At high Li loading the conduction bamdnimum lowers in Maximum, as shown in
energy by 0.4 eV while the valence band maximumaiam essentially . .
unchanged. However, the N 2p states split, with steBes being pulled to Figure 2. The existence
higher valence band energy, in agreement with 68 ¥heasurements, by an of the N-3 site is
apparent hybridization with the higher-energy @si The dashed lines are

provided as a visual a therefore predicted to

states and a sharp

75



Chapter 4: Poly(triazine Imide) — Structure, Propes and Possible Applications

contribute to an increase in the energy of the na@eband maximum of PTI/LICl versus
samples with lower LiCl loading, as observed in XS measurements. More importantly,
the absolute energy position of the closed shelsi@uld be largely insensitive to other
modifications in the PTI structure, suggesting tGatoading would serve to pin the valence

band maximum at a constant energy.

Because of their low binding energy, Cl 2p elecsrenll occupy the highest energy states in
the valence band. However, these states are nacexp to participate significantly in
photoabsorption as they will be highly spatiallgdtized at the CI site, which should have a
filled 2p shell due to charge transfer from a nbmlring Li site. The CI site will also not
have localized unoccupied states at low enoughggrterparticipate in optical transitions, as
can be observed in Figure 2 where there is neggigibntribution of Cl states until orbital
energy significantly above the conduction band mimn. The presence of these Cl valence
states at energies above those contributed by #Nar@trix could explain the broad onset of
optical absorption in P!

4.2.4 Experimental Discussion

Soft X-ray emission spectroscopy measures the dkaance produced by valence band
electrons transitioning to X-ray excited core hotesa sample under study. By tuning the
energy of the exciting X-ray, it is possible to gcspecific sites within the sample, for
example by creating a 1s core hole on a C or N Bite 1s levels for the three inequivalent N
sites are sufficiently separated in energy thatNfgsite can be resonantly excited with an X-
ray energy of 401.5 eV. Excitations below this gyewill primarily excite the N-1 site due to
the structure of the conduction band. The resulNng resonant emission spectra (RXES, as
shown in Figure 3), which measure transitions fidn2p - 1s states, therefore probe the
local projected density of valence band statehedd two sites, while non-resonant spectra
probe all N sites simultaneously. The resonantlgite® spectra enhance valence band
features specific to an individual site, particlylat lower binding energies where N and C 2p
states hybridize to form bonding states. Theredditeonally a strong resonance feature at
393.5 eV that emerges when PTI/LICl is resonantigited at 401.5 eV, corresponding to a
maximum in N-3 conduction band states. This resoadeature corresponds to a DOS at the
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same energy as the N-1 peak at 395 eV; howevelpwer binding energy of the N-3 site 1s
orbital causes this emission to be shifted to logresrgy. At reduced LiCl loading the unique
charge density of the N-3 site is no longer exgktbebe present in the structure (as NH units
are more stable), and this is observed in the XE&surement of PTI/LiGk, where this
feature is largely

} 34| extinguished.  The

' presence of this fea-

N K XES

ture is a good indica-

TFY absorption

[

400 405 410 415 420 tor of the agreement

Absorption Energy [eV] between our high-

N-1 400.0 e loading DFT model
and the experimental

PTI/LiCl measurements.

PTI/(LICI),

Normalized Intensity [arb. units]

Elastic peak Since the C and N K

E,, = 420.0 eV| XES measurements

T

405 of PTI/LICI display

T T T T T T T T T T T T

395 400
Emission Energy [eV] good hybridization

Figure 3. Resonantly excited XES of the PTI/LICI N-1 sitdu@) and N-3 site features, they can be

(red) as compared to the non-resonant spectruntkibldhe inset shows the aligned on a common
features in the N absorption spectrum that werdtaxkcat specific energies,
depicted using arrows of the same color. Resoneriteenent of the N-1 site no energy scale in order
longer shows emission from the feature at 395.8R®Bs0nant excitement of the
N-3 site reveals a feature at 393.5 eV associaititl full Li loading at the N-3 tO show the energy
site; the feature is greatly diminished in the FOICI) o s measurement (magenta). ..
greatly RICDos (magenta) positon of each
element’s contribution to the valence band, as shiowFigure 4. In this case we have chosen
a binding energy scale with zero energy coincidwith the experimentally determined
valence band maximum. The N K XES spectrum extdondthe high-energy side of the
valence band, indicating N contributes more sttas C to the valence band maximum. C
and N K XAS spectra can similarly be aligned tostbbmmon energy scale, giving an
overview of the electronic structure of PTI/LICI the vicinity of its band gap. XANES
spectra are typically shifted downwards in X-raemy by the presence of the core-hole in
the final state of the XANES measurement. It hasnbshown that DFT models can

accurately estimate this excitonic shift in a senghrticle approximation by the introduction
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of a core vacancy in the calculati6fl,necessitating our DFT model as discussed abowe. Th
resulting shift (found to be approximately 0.4 eVaur high-Li loading model of PTI/LICI)
can then be added to the position of the fully &mh&®TI/LICl XANES spectrum onset to
determine a band gap. As the core-hole shift dependhe physical structure used to model
it, this shift is appropriate only for the fullydded PTI/LiCl measurement. Though this core-
hole shift is not expected to vary significantlyween the samples measured, determining it

—C XES N-3 N-1 ——N XANES ' I ' ' ' I !
NXES o WiONH  2p o | | ——N-1 site
:g :.:g &xﬁ !/ Ni | |——N2site Measured
o (NLD | o A N-3 site (N:Li)

Measured

C2p+
N 2s

) “,,
/ \/\/\
| VA
N\ / \ \
/ ’3 ,/ ﬂ ™ /
g f ‘ﬂwﬂ \ /
\/ , \/

)i
f
/
|

\ /j\( \'*/ Calculated ||\

osss ssendacanzansad = i
'

Calcullated

Emission/Absorption intensity [arb. units]

-20 -15 -10 -5 0 0 5 10 15 20 25
Orbital Energy (vs VB__) [eV] Orbital Energy (vs VB__ ) [eV]

Figure 4. Comparison of the PTI/LIClI XES and XAS measuremaenith calculated emission spectra for the
high Li loading model structure (left). The caldeld C emission spectrum reproduces the experimeiif w
with all major features accounted for, including appropriate amount of splitting between the C afence
states and the lower energy C 2p/N 2s sub-bandNFBe&esonant emission spectrum (in green) shomgasi
feature splitting as the calculated emission spebilow. The calculated N-1/N-2/N-3 site splittiatso
reproduces the features of the N XANES measure(night).

depends on the accuracy of the structural model tesealculate it, and the PTI samples with

lower LiCl loading are not understood well enougliully model at the present time.

At maximum Li loading, two features (at 401.4 e\Mdaf02.7 eV) are discernible in the N K
XANES measurement that correspond to unoccupigdsstontributed by the N-3 and N-2
sites, respectively. However, as Li is extractemhfrthe samples these features are quickly
extinguished with a corresponding shift in the ¢nseak, suggesting that changes in Li
concentration can control splitting of the low-lginonduction band states. While the samples
in this study had Li and Cl removed in tandem,dlosed shell of a Clion is not expected to

contribute unoccupied states near the band edggesting that changes in Li concentration
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may be sufficient to control the conduction bandiimum. Such a tuning capability could be
used to align the CB minimum with the hydrogen i#wun redox level to improve H
evolution. Choosing band onsets from the spectra pexformed by taking the positive
second derivative peak in the region of the meaksignal onset as indicative of the energy
at which the partial DOS begins to contribute te fpectrum and overcomes the effects of
experimental and core-hole lifetime broadening.sTiniethod has been found to be a useful
metric in measuring the band gap of post-transitisetal oxide$” where there is a sharp
onset in states at a band edge, as is the casah@itATI/LiCl measurements. The results of
choosing these onset positions (show in Figurer&jlyce a band gap of 2.2 eV for PTI with
full LICl loading. This

VBmax CBmiﬂ
compares  with  the T T T T 7 —
INKXES - [~02eV N K XANES
established band gap ¢
@
melon of 27eV] £ 186V |
showing a 0.5eV banc § b || 250 . o
gap decrease. As LiCl is § Yy Tl P
removed from the systen £ W\ [~
@ . [
the band gap apparentl TE 5
increases, as observed i 2 e ——PTHLIC
the DFT models and the E;:’Etig:;ﬁﬁ
- = EEUUlg s
shifing of XANES —— PTI-(LICI)
. |
features; however, this WY PTPS et [INNYY N 4 ,meo[" :
394 396 398 400 402 404 406
does not appear to affec X-ray Energy [eV]

the onset point of the N-
) ) Figure 5. Comparison of different LiCl loadings of PTI withe valence
edge exciton inducec band onset position of polymeric melon. The bang gaPTI increases as
. LiCl is removed through the loss of a high energgtéire (expected to be N-
during the XANES Cl 2p state hybridization); simultaneously N peghiting at the VB
: maximum is reduced. The VB maximum of PTI/LIClI slow 0.2 eV
measurement (whick increase above that of melon and the reduced-lga#ifl/LiCl samples,
should sit on the lowest- indicating the remaining band gap decreased oflRJllmust be caused by a
decrease in the conduction band minimum. Althoung $hift in conduction
energy N-1 site that is band onset is obscured by the effect of the XANE® dole, the onset peak
) N maximum of N absorption shifts downwards by 0.4when comparing the
not adjacent to L[). low to high-loaded LiCl measurement because ofritreduction of the N-3
site.

Instead, the sharpness (
the onset decreases, and the lowest energy N dlosopeak (also caused by the N-1 site)

shifts upwards in energy approximately 0.4 eV. @ikr shift of 0.34 eV of the conduction
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band onset between high and low Li loading is aksen in the DOS in Figure 2. However, a
peak position is not indicative of the onset oftestain a solid systefi? thus, it is only
possible to estimate a band gap of ~2.8 eV for (RiGY),, with a lower gap for the

intermediate loadings.

The complementary EELS band gap measurement sergepport the choice of band onsets
in the X-ray spectra. In a semiconducting mateaal,energy-loss in a transmitted electron
beam may occur due to the transition of electroosfthe valence band into the conduction
band. For determining the band gap of PTI/LiClI, ¢batribution of the zero-loss peak (ZLP)
was subtracted from the VEEL spectrum (using a pdawe fit to the tail of the ZLP) and a
linear fit was made with the observed onset as shaviFigure 6¢; this linear fit intersects the
noise floor at 2.2 eV.
The VEELS probe of
PTI/LICI was per-

formed on a single

@

crystallite and agrees

——EELS .
—— XANES TEY with the X-ray band
396 401 406 411 416 421 426 gap. A high-energy

(c)| Conduction Band EELS

®) CK electron beam will also
cause core-level tran-
sitions to occur, and the
observed ELNES of

these edges are similar

Absorption Intensity (arb. units)

10 12

8

4 6

2

282 287 292 297 302 307
(X-ray/EELS loss) Energy (eV) to those measured by
XANES. Because
Figure 6. Comparison of the EELS core-level edges versusKildES TEY .
measurements. The N K edge (a) shows good agreémésms of feature EELS is  measured
position and peak ratio after the XANES measurenhast been aligned with )
EELS (shifted upwards by 2.5 eV), indicating tha¢ tonduction band of PTI from electrons  trans
is dominated by 2p states. The broadening of EELtBeaC K edge (b) is more mitted through  thin
pronounced than at the N K edge but shows contabdtom 2s anti-bonding
states at energies above 295 eV that are not prdiyedhe XANES samples, it is mostly
measurement. (¢) VEELS band gap determination2€&¥. using a linear fit to
the onset of the first energy-loss feature. comparable to XANES

measured by total
electron yield (TEY), which is highly surface seiv&*) Comparing the C and N K edge
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measurements of XANES TEY versus the ELNES datgigure 6 shows good agreement,
allowing us to confirm that the sample is receivifijle damage during the EELS
measurement that would affect the measured band gap

4.2.5 Conclusions

Through EELS and X-ray spectra, we have shown RffatLiCl displays a decreased band
gap (~2.2 eV) with respect to polymeric melon @Vj as well as to PTI samples with
reduced loading of Liand CI. The mechanism for this band gap decrease isi®2-fol

1. A reduction in the conduction band minimum energused by splitting of
inequivalent unoccupied N states by an interactiwith loaded Li, which
substitutes for Hin the imide links between triazine units.

2. A similar splitting of N 2p states at the valen@t maximum, allowing increased
hybridization between the Lsubstituted imide links with low binding energy 2
states.

We have constructed a DFT model that demonstrateghadegree of qualitative agreement
with the measured X-ray spectral features and gasine agreement with the observed band
edge shifts. We have demonstrated by resonant Xerajssion Spectroscopy a sensitive
probe for the Li substituted imide N presented TW/HCI at high LiCl loading. We propose
that the contribution of Liand CI loading to the band edge shifts may be independnt
each other, suggesting that the hydrogen evolyeformance of PTI/LiCl could be further
improved by independent control of the valence aodduction band edges achieved by

removal of Li while maintaining full Cl loading.
Acknowledgements

We gratefully acknowledge support from the Natusaiences and Engineering Research
Council of Canada (NSERC) and the Canada Resealair @rogram. Measurements
described in this work were performed at the Caaradiight Source, which is supported by

NSERC, the National Research Council Canada, tmadan Institutes of Health Research,
81



Chapter 4: Poly(triazine Imide) — Structure, Propes and Possible Applications

the Province of Saskatchewan, Western EconomicrBifi@tion Canada, and the University
of Saskatchewan. The Advanced Light Source is stggdy the Director, Office of Science,
Office of Basic Energy Sciences of the US Departnoérienergy under Contract DE-AC02-
05CH11231. Computing resources were provided byt@fes and Compute/Calcul Canada.
We gratefully acknowledge financial support that swgranted from the Deutsche
Forschungsgemeinschaft (DFG) (project SCHN 377)15ahd from the Fonds der
Chemischen Industrie (FCI) (scholarship for E.MK.S.V. gratefully acknowledges the Elite

Network of Bavaria and the Nanosystems Initiativenii¢h for financial endowment.

82



Chapter 4: Poly(triazine Imide) — Structure, Propes and Possible Applications

4.2.6 Bibliography

[1]

2]
[3]

[4]
5]
6]
7]
8]
9]
[10]
[11]
[12]
[13]
[14]

[15]

[16]

A. Thomas, A. Fischer, F. Goettmann, M. AntonieittO. Muller, R. Schldgl, J. M.
Carlsson,). Mater. Chem2008 18, 4893—4908.

A. Fischer, M. Antonietti, A. Thoma#dv. Mater 2007, 19, 264—-267.

E. Z. Lee, Y.-S. Jun, W. H. Hong, A. Thomas, M. N, Angew. Chem. Int. EQ01Q
49, 9706-9710.

X. Wang, K. Maeda, A. Thomas, K. Takanabe, G. ¥inM. Carlsson, K. Domen, M.
Antonietti, Nat. Mater 2009 8, 76-80.

Y. Ham, K. Maeda, D. Cha, K. Takanabe, K. Doméhem. Asian.2012 1-8.

A. Liu, R. WentzcovitchPhys. Rev. B994 50, 10362—-10365.

J. Zhang, X. Chen, K. Takanabe, K. Maeda, K. DomknD. Epping, X. Fu, M.
Antonietti, X. WangAngew. Chem. Int. EQ01Q 49, 441-444.

K. Maeda, X. Wang, Y. Nishihara, D. Lu, M. AntortieK. Domen,J. Phys. Chem. C
2009 113 4940-4947.

A. Fujishima, K. HondalNature1972 238 37-38.

M. D. Archer, J. R. Bolton]. Phys. Chen199(Q 94, 8028-8036.

E. Kroke, M. Schwarz, E. Horath-Bordon, P. Kroll, Boll, A. D. Norman,New J.
Chem 2002 26, 508-512.

E. Wirnhier, M. Doéblinger, D. Gunzelmann, J. Senk8r V. Lotsch, W. Schnick,
Chem. Eur. J2011, 17, 3213-3221.

K. Schwinghammer, B. Tuffy, M. B. Mesch, E. Wirnhi€. Martineau, F. Taulelle,
W. Schnick, J. Senker, B. V. Lotschngew. Chem. Int. EQ013 52, 2435-2439.

A. J. Nozik,Ann.Rev. Phys. Chem978 29, 189-222.

P. Blaha, K. Schwarz, G. Madsen, D. Kvasnicka, ultzl. WIEN2k, an augmented
plane wave + local orbitals program for calculatingrystal properties Karlheinz
Schwarz, Techn. Universitat Wien, Austr2901

Y. Muramatsu, Y. Tani, Y. Aoi, E. Kamijo, T. Kaneslu, M. Motoyama, J. J.
Delaunay, T. Hayashi, M. M. Grush, T. A. Callcdit, L. Ederer, C. Heske, J. H.
Underwood, R. C. C. Pereripn. J. Appl. Phys1999 38, 5143-5147.

83



Chapter 4: Poly(triazine Imide) — Structure, Propes and Possible Applications

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]
[27]
[28]
[29]

[30]

[31]

E. Kurmaev, A. Moewes, R. Winarski, S. Shamin, Beker, J. Feng, S. Turndrhin
Solid Films2002 402, 60—64.

D. Marton, K. Boyd, A. Al-Bayati, S. Todorov, J. Baais,Phys. Rev. Letti994 73,
118-121.

L. Gu, V. Srot, W. Sigle, C. Koch, P.A. van Aken,$cholz, S. Thapa, C. Kirchner,
M. Jetter, M. RuhlePhys. Rev. B007, 75, 195214.

J. Park, S. Heo, J.-G. Chung, H. Kim, H. Lee, KmKIG.-S. ParkUltramicroscopy
2009 109, 1183-1188.

J. H. Rask, B. A. Miner, P. R. BusedKtramicroscopyl987, 21, 321-326.

P. A. van Aken, B. Liebscher, V. Styrsh,Phys. Chem. Minet99§ 25, 323-327.

R. Brydson, L. A. J. Garvie, A. J. Craven, H. SakerHofer, G. Cressey. Phys.:
Condens. Mattet993 5, 9379-9392.

R. Erni, N. D. BrowningUltramicroscopy2007, 107, 267—-273.

R. F. EgertonElectron Energy-Loss Spectroscopy in the Electrocrddcope, Third
Edition; Springer Science + Business Media, New Y@ 1

J. P. Perdew, K. Burke, M. ErnzerhBhys. Rev. Letl996 77, 3865-3868.

J. P. Perdew, M. Levghys. Rev. Letl983 51, 1884-1887.

L. Triguero, L. G. M. PetterssoRhys. Rev. B99§ 58, 8097-8110.

J. A. McLeod, R. G. Wilks, N. A. Skorikov, L. D. ikelstein, M. Abu-Samak, E. Z.
Kurmaev, A. MoewesPhys. Rev. B01(Q 81, 245123.

S. J. Kang, Y. Yi, C. Y. Kim, C. N. Whang, T. A. IBatt, K. Krochak, A. Moewes,
G. S. ChangAppl. Phys. Lett2005 86, 232103.

B. H. Frazer, B. Gilbert, B. R. Sonderegger, G.3asio,Surf. Sci 2003 537, 161—
167.

84



Chapter 4: Poly(triazine Imide) — Structure, Propes and Possible Applications

4.3 Photocatalytic Activity of PTI/LIiCI

All “doping” experiments and photocatalyic measumts in this subsection were conducted
by Katharina Schwinghammer and Brian Tuffy (Max rela Institute for Solid State
Research, Stuttgart, advisor: Prof. Dr. B. Lotselmd will also be published as part of their
PhD theses.

All NMR measurements were carried out by Maria Besbth (University of Bayreuth,
advisor: Prof. Dr. J. Senker) and Charlotte Martne and Francis Taulelle (Tectospin,
Institut Lavoisier de Versailles, France) and valso be published as part of the PhD thesis
of M. B. Mesch.

Triazine-based Carbon Nitrides for Visible-Light Driven Hydrogen
Evolution

Katharina Schwinghammer, Brian Tuffy, Maria B. Mesch, Eva Wirnhier, Charlotte

Martineau, Francis Taulelle, Wolfgang Schnick, Jirgn Senker and Bettina V. Lotsch

published in: Angew. Chen013 125, 2495-249%ngew. Chemint. Ed 2013 52, (2435-
2439); DOI: 10.1002/anie.201206817

Keywords: Carbon nitrides; copolymerization; photocatalysisizines; water splitting

Abstract: A new dimension: The doping of amorphous poly(inazimide) (PTI) through
ionothermal copolymerization of dicyandiamide withamino-2,6-dihydroxypyrimidine
(4AP) results in triazine-based carbon nitrideswinicreased photoactivity for water splitting
compared to crystalline poly(triazine imide) (PTICI, see picture) and melon-type carbon
nitrides. This family of carbon nitride semicondust has potential as low-cost,
environmentally clean photocatalysts for solar furelduction.
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The development of catalysts that enable the doectversion of solar energy into chemical
energy has been defined as one of the major clgaeiof modern materials chemistry.
Hydrogen generated by photochemical water splittiag been identified as a promising
energy carrier that offers a high energy densityilavibeing environmentally cleaH.
Nevertheless, to realize a light-driven hydrogesdola economy, the exploration of new
materials for highly efficient, stable, economigaliiable, and environmentally friendly
photocatalysts is required.

To date, numerous inorganic semiconductors have theeeloped for water splitting, most of
them being transition metal compounds containingvitenetals such as La, Bi, Ta, or Nb,
which impede scalability, increase cost, and aduptexity? Recently, attention has been

attracted to a new class

of metal-free photo- 2 ”j‘\ H)N\ b SO
catalysts, comprising S A A R
NZN"N N. N._N NZ>NN HN” N7 N7 N7 NH
. 7 I Ho
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X =NH, O or OH
Figure 1. Chemical structures of a) melon, b) PTICI (idealized structure),

photoactivity[.4] c) aPTI_4ARe(proposed structure), and d) the dopant 4AP.

maintaining  efficient

Thermal condensation of CNs forms a wide variety obiemical species that differ
substantially with respect to their degree of corsddion, hydrogen content, crystallinity, and
morphology®>®! The chemical modification of CNs by molecular “dops” has resulted in a
number of CN materials with improved photocatalyittivity!”? Although the evidence is

largely empirical, the property enhancement presiynariginates from subtle modifications
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of the parent structures by incorporation of hedtsms as well as structural defects, to give
rise to enhanced absorption in the visible ligmgeaand a more complete exploitation of the

solar energy spectrum.

In contrast to all known CN photocatalysts, which @@mposed of heptazine building blocks,
poly(triazine imide)(PTI/LICI") is the only structurally characterized 2D CN natikv
featuring imide-linked triazine units (see Figur®)$#® Owing to its high level of
crystallinity, PTI/Li'CI" lends itself as an excellent model system to stpligtocatalytic
activity towards water splitting as a function dfet number of building blocks, the
composition, and the degree of structural perfectibthe system. Herein, we present a new
generation of CN photocatalysts based on triaziméding blocks and demonstrate their
enhanced photocatalytic activity in comparison épthzine-based CNs. Moreover, we show
that their performance can be amplified by smallenale doping, thus rendering them the
most active nonmetal photocatalysts for the hydnogeolution reaction that have been

reported to date.

As a starting point, we synthesized crystalline/BiTCI" as a model structure for triazine-
based CNs in a two-step ionothermal synthesis dowprto the procedure of Wirnhier et
al®9 1o study the effect of crystallinity on the phattadytic activity, we also synthesized an
amorphous variant of PTI (aPTI), through a one-stapthermal synthesis involving a
LICI/KCI salt melt. We used 4-amino-2,6-dihydroxypyidine (4AP; Figure 1d) as the
dopant because of its structural similarity to nméfee and higher carbon and oxygen content.
The photocatalytic activity of the as-prepared GMss compared with that of crystalline
PTI/Li"CI and of heptazine-based raw melon (see the Supgdrtiormation).

The XRD patterns of the aPTI samples confirm thenorphous character by the absence of
sharp reflections (see the Supporting Informatkigure S1), which are present in the XRD
patterns of crystalline PTI/LCI". However, the FTIR spectra of the synthesized &FN4 are
still largely similar to that of PTI/LICI™ (Figure 2d and Figures S2-5 in the Supporting
Information), as they contain a band at 810"cfring sextant out of plane bending) and a
fingerprint region between 1200 and 1620 cthat is dominated by(C-NH-C) andv(C=N)
stretching vibration§:*” Doping with 4AP gives rise to less well-defined b&nds, thereby
indicating a decrease in the structural order digitgon, in the spectra of 16% and 32% doped
PTI there is a band at 914 ¢rthat can be assigned to aromatic C-H bending tidrs of the
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dopant (see the Supporting Informatidtigure S5). Interestingly, the bands at 2160 cm
1730 cnit, and around 1200 ¢ which are seen in the spectrum of aPTI and plgriia
those of the doped samples, point to the presenegminal nitrile groups as well as oxygen-

containing functionalities, such as C=0 and C-O.

Elemental analysis
(EA) indicates the
atomic ratio C/N =
0.68 for PTI/LICI,
whereas the C/N

ratios of the aPTI
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<«— &/ppm — 5/ ppm samples are slightly
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increased for those

i
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dicating either a
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aPTI_4AP ., 15 h illumination
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~— ilem™

Transmission/a.u. —

higher degree of

condensation or an

increase of oxygen
, 1 incorporation (see the
Figure 2. a) **C CP-MAS NMR spectrum (10 kHz), BN CPPI MAS NMR
spectrum (6 kHz, inversion time=400 ms) and®) CP-MAS NMR spectrum Supporting Infor-
(10 kHz) of aPTI_4ARs, d) FTIR spectra of aPTI_4AR, synthesized at 550 °C

before and after 15 h illumination, compared tostajfine PTI/LICI, aPTky - ~Mation, Table S1).
and melon. e) A typical image of 2.3 wt% Pt-loadeBTI_4AR,, after

iilumination for 3 h under visible light.€420 nm) and at higher magnification Notably, the amount

(inset). of Li and Cl is lower

in doped and non-
doped aPTI than in crystalline PTI/OI", whereas the oxygen content is significantly highe
consistent with the IR results. This finding is t#onoting as the amount of carbon and
oxygen atoms in CNs is likely to play an essentié# in the activity of CN photocatalysts!
By increasing the amount of 4AP incorporated in doped PTI from 2% to 64% the C/N
ratio increases from 0.69 to 1.13, respectivelg tbe Supporting Information, Table S2). In
summary, the EA and IR results suggest that bathocaand oxygen atoms are incorporated
into the amorphous materials, most likely througplaicement of one of the ring or bridging
nitrogen atoms, as proposed in Figure 1c.
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The *C and®®N cross-polarization magic-angle spinning (CP—-MAB)JR spectra (Figure 2
a and c) for aPTI doped with 16% 4AP and synthes&e550 °C (aPTI_4AP16%) provide
additional information about the structural comgposi of the material derived from
copolymerization with 4AP. Both spectra are simitar those of PTI/LiCI (see the
Supporting Information, Figure SB)Y albeit with significantly increased line width [ffu
width at half maximum (FWHM)) of 1.5 kHz comparex@00 Hz) owing to the less ordered
character of the materials (see the Supportingrimétion, Figure S1). Th&N CP-MAS
spectrum shows two broad signal groups centeredndrel75 and -245 ppm. The former
group is typical for tertiary ring nitrogen atom$; ; from the outer ring nitrogen atoms of
heptazine or triazine rings), whereas the latteheracteristic of bridging NH groups. A very
weak signal around -280 ppm indicates that onlynallsamount of terminal NEgroups is
present, hence a melon-type structure seems vdikelyn However, to further corroborate
this hypothesis and identify the type of heteroeyfdrmed under the conditions used—
triazine versus heptazine—we recorded™ cross polarization polarization inversion
(CPPI*¥ NMR spectrum of aPTI_4AP16% (Figure 2b) with ameirsion time of 400 ms.
Under such conditions, resonances of the NH gr@upsreduced to zero intensity whereas
signals of NH units will be inverted. In contrast, theN signals of tertiary nitrogen atoms are
expected to remain largely unaffected. Hence, thque signal for the central nitrogen atom,
N¢, of a heptazine ring between -220 and -240 ppmuteguivocally be identified The
absence of any signals in thi& CPPI spectrum (Figure 2b) in the region betwe®0-and
-300 ppm therefore strongly suggests the absenhbepifizine units within the detection limit
of roughly 10-15%. The markedly different intengiggios in the"*C CP—MAS spectrum of
aPTI_4AP16% (Figure 2a) compared to those in'tBeCP-MAS spectrum of PTI/LCI,
and the broad asymmetric high-field flank of thgnsil between -140 and -170 ppm in tfe¢
CP—-MAS spectrum (Figure 2c) may indicate partiabinporation of pyrimidine into the PTI

framework during copolymerization, which is not ebeed for PTI/LTCI"B!
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The brown color of crystalline PTI/ICI" indicates substantial absorption in the visiblegea
of the spectrum. More specifically, the materias@ips largely in the UV region, yet
additional absorption takes place in the blue pathe visible region and there is a gradual
decrease in absorption toward higher wavelengtigai(€ 3 and Figure S7 in the Supporting
Information). The absorption spectra of aPTI sysited at 400-600 °C show bands that are
comparable to those in the spectrum of melon, temslering the color of the materials
similar to that of melon (see the Supporting Infation, Figures S7 and S10). When the
reaction temperature is increased, the color ofl @R&anges from cream (400 °C) to yellow
(500 °C), suggesting enhanced absorption in thilgisegion. The absorption of aRddc
which is synthesized at a reaction temperatured0f &, is strongly red-shifted compared to
that of crystalline PTI/LiCI, thereby representing further improvement in tisble-light
absorption (see the Supporting Information, Fig8fé (1)). With increasing amounts of
dopant the color of the 4AP-doped CNs
gets darker, changing from yellow (2%)
5000 to red-brown (64%); this color change
4000 correlates well with the red-shift
observed in the absorption spectra (see

3000

the Supporting Information, Figure S8).
2000

1000 The inherent 2D architecture of

Produced hydrogen / umol h'g" —»

crystalline PTI/LICI gives rise to an

melon  PTULICI  aPTl,,.. aPTI_4AP., expandedt-electron system, lower band-
- gap, and enhanced absorption as
——PTILI*CI

compared to the 1D polymer melon, and

aPTI

500°C

aPTI_4AP.,

thus renders PTILCI a promising
photocatalyst that may even outperform

the heptazine-based semiconductors. In

Absorption / a.u. —

fact, hydrogen production of 864

mmoli'g? (ca. 15% error) was

400 . 500 600 700 800
Alnm—e measured for crystalline PTIACI in

production (a). UV/Vis spectra (b) and color of the

water/TEoA suspensions (inset in a) of aPTI_4AP triethanolamine (TEoOA) as sacrificial
synthesized at 550°C compared to crystalline PTOL]

aPTI synthesized at 500°C, and melon. electron donor; this result equates to an
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enhancement of approximately 20% compared to sgizb@ raw melon (see the
Experimental Section; 722 mméig') and is comparable to “gs,” synthesized at 600 °C
(synthesis according to Zhang et!&.;844 mmolitg?). The photocatalytic activity of the
amorphous CNs synthesized in an open system itethperature range 400-600 °C showed
that the highest activity was achieved for the GMNtlsesized at a reaction temperature of
500 °C (1080 mmolfg™); this activity corresponds to an approximately6@nhancement
compared to that of raw melon (see Table 1).

Table 1. Physicochemical properties and photocatalytigvisgtof ~ Although the above results
different Pt/CN species for the hydrogen evolution reaction dritagn

visible light. show a moderate im-
Catalyst Surface CJN Hydrogen Quantum provement of the photo-
area molar evolution rate  efficiency . .

[m*g7] ) [umolh™g™] [%] catalytic activity of PTI-
ratio
PTI/Li*CI 37 0.68 864 0.60 derived materials compared
Melon 18 0.67 722 0.50 t | b d h
aPThooec 122 0.69 1080 0.75 0 melon-based ones, when
aPTI_4ARg, 60 0.82 4907 3.40 PTI is doped with 4AP the

increase in the photoactivity
of PTI is a function of the doping level and syrdisetemperature. By increasing the
temperature from 400 to 600 °C, an optimum photdgat activity was measured for the
material synthesized at 550 °C (see the Suppotiwigrmation, Figure S13). When the
content of 4AP was increased from 2 to 64%, thdndst photocatalytic activity of 4907
mmolh'g™ (3.4% quantum efficiency) was detected for 16%edbaPTI, synthesized at 550
°C (aPTI_4AP16%,; Figure S14 in the Supporting Infation and Table 1). In essence, the
photocatalytic activity of PTI/LICI" can be enhanced by 5-6 times upon doping with i/P
simple one-pot reaction. 4AP doping of crystallifII/Li'ClI" leads to no apparent
photocatalytic activity. Also, as a control expeemh pure 4AP was shown to be
photocatalytically inactive by itself and under admermal or thermal treatment. Water
oxidation experiments in which,@volution was measured, carried out in the presefa
Co30,4 co-catalyst, did not yield substantial amountorygen, thus suggesting that either
water oxidation is thermodynamically unfeasibletloait the reaction conditions need to be
further optimized.

A typical TEM micrograph shows that the surface pmalogy of doped aPTl is layered and
platelet-like (Figure 2d and S11 in the Supportinfprmation). The crystallite size and
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composition of the platinum nanoparticles depositedhe carbon nitride catalyst in situ were
studied by TEM and EDX. The results reveal that phetoinduced reduction of the co-
catalyst results in well-dispersed nanoparticleghdy 5 nm in diameter.

N, sorption measurements allow us to quantify theaichf the surface area (SA) of the
catalysts on the photocatalytic activity. In Talhle¢he measured specific Brunauer—-Emmett—
Teller (BET) SAs indicate a weak correlation betwe®A and activity, but the increased

photoactivity in the doped species cannot be ratiped by an increased SA alone.

As seen in Figure 3, the aPTI_4AP16% photocataigdtis an orange-brown suspension and
its diffuse reflectance spectrum spans across #ible region. It is therefore instructive to
examine the wavelength-specific hydrogen productiondetermine which wavelengths
actively contribute to the Hevolution. In the wavelength dependence graphu(€idt), the
absorption is overlaid with the wavelength-specifigdrogen evolution. The hydrogen
production rate falls off at 450-500 nm, thus iatiieg that the majority of photons
contributing to the hydrogen production areAdab00 nm. It is suggested that the active
absorption follows the band edge observed betw80ra#ad 440 nm. This band is similar to
that seen for the other PTI compounds althoughstefied by the 4AP doping. The broad
absorption profile suggests the existence of ifdemd-gap electronic states at various
energies, which could

arise from the in-

corporated 4AP (see

the Supporting Infor- 150
mation, Figure S4 anc
S5).  However, as 100

Figure 4 infers, not all

Absorbance ——»

electronic states — espe

A
o

cially those associatec

with  absorption at

Produced Hydrogen / zmol h" g*' —»

higher wavelengths - 0 0 T2
350 400 450 500 550 600 650 700 750 800

Alnm ——

contribute to the
hydrogen evolution but

Figure 4. Overlay of UV-VIS spectrum and wavelength-specifigdrogen
may rather act as trap production (black bars) of aPTI_44 using 40 nm FWHM band-pass filters.
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and quenching sites for excitons. We therefore sowithat through active control of the
number and position of defects in the material tptatalysts with further enhanced activity
can rationally be designed. Nevertheless, the asa@ visible-light activity up to

approximately 500 nm in doped PTI results in aificgmt improvement over its undoped or

crystalline counterparts and is a contributingdadt its high photoactivity.

In conclusion, we have reported a new family oftBBzine-based carbon nitrides that shows
substantial visiblelight-induced hydrogen productftom water, and in this regard rivals the
benchmark heptazine-derived photocatalysts. Witeraal quantum efficiencies as high as
3.4%, the amorphous carbon- and oxygen-enricheg(tgakine imide) species not only
outperform melon-type photocatalysts, but also tatise PTI by 5 to 6 times. Consistent
with previous resultS® we have demonstrated that a rather low levelrotairal definition
and the introduction of defects up to a certain inpplevel (16% for 4-amino-2,6-

dihydroxypyrimidine) tend to enhance the photoaigtiof the catalysts.

We believe that the diverse range of available migand inorganic dopants will allow the
rational design of a broad set of triazine-basedpgolymers with controlled functions, thus
opening new avenues for the development of ligindsting semiconductors. The easily
adjustable structural and electronic propertiesCdf polymers render them particularly
versatile for solar energy applications.
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5. Phosphorus-doped Carbon Nitride Precursors

Both methods described in the last chapter (XAS/dE8 EELS) offer the possibility of a
very exact determination of the band gap, espgciallcomparison with the wide-spread
standard method diffuse reflectance spectroscomretVer, with EELS being a very local
method, the band gaps of multiphase compounds eamdéasured simultaneously and
distinguished contrary to bulk methods averagingrdkie whole sample. Using the example
of PTI/LICI, this combination of methods could bstablished, yielding a band gap of 2.2 eV,
thus being lowered in comparison with melon (2.7) &y “doping” with LiCl. Another
approach to lower the band gap and to shift theratisn more into the visible region (and to
enhance the effectiveness for possible photocatafpplications) is the replacement of
carbon atoms by phosphorus atoms, to be interpesteddoping.

Despite several attempts, no crystalline phosphdoped carbon nitride network was
reported so far, enabling a direct comparison oficttire and properties. In this chapter,
synthesis and crystal structures of a number ofpharus-doped carbon nitride precursors
(alkali biuretooxophosphates and the new classN@'-bis(aminocarbonyl)-phosphoro-
diamidates) are presented. Furthermore, the sliiyati these precursors for the synthesis of
crystalline phosphorus-doped carbon nitride netwoik investigated by examining their

thermal stability and their behavior applying higiessure high-temperature conditions.
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5.1 Biuretooxophosphates

5.1.1 Lithium, Potassium, Rubidium and Cesium Biureooxophosphate

A Systematic Approach to Alkali Biuretooxophosphats

Eva Wirnhier and Wolfgang Schnick

published in: Eur. J. Inorg. Chenm2012 1840-1847. DOI: 10.1002/ejic.201101317

Keywords: Structure elucidation; Biuretooxophosphates; Phatmescence spectroscopy;

Alkali metals

Abstract: Biuretooxophosphates represent a link betweenooarbtride and phosphorus
(oxo)nitride precursor chemistry being closely tetbto cyanurates and trimetaphosphimates.
The group of alkali biuretooxophosphates has besnptemented by the synthesis of four
salts M[PQ(NH)3(CO),] xH-0 in which M = Li, K, Rb, and Cx(= 1, 0, 0.5, O, respectively).
The structures were solved by single-crystal X-dhffraction and compared with the
corresponding ammonium and sodium salts. For dhefalts, the 1-phospha-2,4;6iazine
ring exhibits a nearly planar conformation with fffesphorus atom being slightly deflected.
In the sequence Li to Cs, the crystal structureswsh significant change in orientation
leading from a parallel to a perpendicular arrangenof the rings, the latter being bridged by
N-H--O bonds. The thermal behavior of the biuretooxophates was examined by means
of temperature-dependent powder X-ray diffractioneasurements and combined
thermogravimetric analysis (TGA) and differentiaetmal analysis (DTA). Moreover, the

FTIR and photoluminescence spectra of the saltdiaceissed.
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5.1.1.1 Introduction

Graphite-type carbon nitride networks have recegdlyned significant interest regarding their
exceptional chemical stability and their manifoldgerties. Among others, the ability to act
as heterogeneous metal-free catalyst for, @dluction and water splitting as well as the
photovoltaic effect have been shown for méfor,the most prominent representative of this
class of compounds. However, with an optical baayal @f approximately 2.7 eV, resulting in
absorption only of blue light up to 450 nm, purelaoneis not efficient enough for solar-
energy conversion for application in photovoltaivites®>® Several attempts have been
made to modify the electronic structure of graphke carbon nitrides including chemical
doping to alter the band g&J~*" In particular, the replacement of carbon atoms by
phosphorus, interpreted in the literature as n{uppseems to be a promising strategy to
lower the band gap and shift the absorption maie time visible region, therefore enhancing
the performance of such organic semiconductors.vidre attempts based on the
copolymerization of dicyandiamide and 1-butyl-3-hdimidazolium hexafluorophosphate
indeed showed a shift in the band gap to lowergegraccompanied by a change in color
from yellow to browrt”! However, no well-defined product was obtained &l different
possible doping sites led to a UV/Vis absorptioacspum that was hard to interpret.

With both s-triazine (@) and tris-triazine (Lb) cores (the

N/:QN building units of carbon nitride networks) beingwstable,
_,,,“\N/ /\ the targeted partial exchange of C by P during the
1a )N\/ JN\ condensation process seems to be rather improbable.
N‘:\PiN NJ\:)N\\ ﬁ] different approach to obtain well-defined phosplsoru
/_JI\N/ - N 1aN ~ carbon nitride compounds is the use of suitableysers

containing preorganized C-N-P motifs. RecenHypke et

Scheme 1Thestriazine (La), tri-ss  al. reported on severak-heptazine-based iminophos-

triazine (Lb), and 1-phospha-2,4,6- .

striazine core 10). phoranes gN7(N=PRs)3 (R = methyl, ethyl, etc.), which can
be seen as exocyclic doped carbon nitride precsifébr

Exchanging one carbon ring atomsitriazine-based compounds by phosphorus may lead to

precursor molecules with a defined atomic ratio £8/N 2:3:1 (i.e., endocyclic doping). Such
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compounds with this 1-phospha-2,4;@iazine (Lc) core were already synthesized in 1962
(Scheme 1§+

i i - S H H
Biuretooxophosphates establish a lir OYNYO OYNYO O\\P’N\P/Oe
- S
between precursor compounds of carb oy yeo HN. NH  OHN. NI
nitide and  phosphorus  (oxo)nitrid T(])/ 0" P 0" 0O
2a 2b 2¢

chemistry or on a molecular level betwet
cyanurates 4a) and trimetaphosphimate Scheme 2The cyanurate anior2§), biuretooxophos-
(20 (Scheme 2), the salts of the latt phate anion2b), and trimetaphosphimate anidtc).

compound being systematically investigated recéHti}”’

The first biuretooxophosphate, namely JiHO,(NH)3(CO),] (3d), was described in 1986 by
Neels?®?! We are now targeting a thorough characterizatiorbiafetooxophosphates as

possible precursors for the synthesis of new CMR{/€htaining compounds.

In this contribution we report on a new approaclais the preparation of biureto-
oxophosphates in crystalline form. We have compteet the group of alkali biureto-
oxophosphates and compare their structural andtregeopic properties as well as the

thermal behavior of these air-stable and waterkdelsalts.

5.1.1.2 Results and Discussion

NH,"-biuretooxophosphate

H H
(3d) was first synthesized by OsN._0O 1. H;0,, CH;COOH, . OYN\(O
L _ ® H,0, 2d
oxidation of NH'-biureto- NHs HN___NH NH, HN. _NH
X o 2. NH; VASNC!
dithiophosphate  (Scheme 3 s S 03d0

which was obtained as
Scheme 3. Previous synthesis ofdd by oxidation of NH'-

byproduct of the synthesis o biuretodithiophosphaté®

COS from RS, with urea?®?4

The corresponding sodium s&8bj was synthesized by ion exchange in aqueous solfl
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We have developed a novel approach
Mo © N
CIYN\ Cl CH;CO0 O._N__O
I

dioxane / H,O %I/ \!?

to synthesize alkali biuretooxophos-

N. .N . i
P’ 5. 55-60 °C HN:P\”NH phates [except the lithium sal8d),
o c (M =Na- Cs) 0" '09M”  which was obtained by ion exchange]
3b-f

in crystalline form by the controlled

Scheme 4.New synthesis route to alkali biuretooxophos
phates by the controlled hydrolysis of 1,1,3,5aelttoro-1-

phospha-2,4,6-triazine. phospha-2,4,&-triazind”! in the

‘hydrolysis of 1,1,3,5-tetrachloro-1-

presence of the corresponding acetate
(according to the synthesis of the alkali trimetgghimates, Scheme @} After
evaporation of the solvents, large colorless bi&ekkrystals of Li[PQ(NH)3(CO),]-H,0
(3a), Na[PQ(NH)3(CO)] (3b), K[POANH)3(CO)] (3¢), NHiPO,(NH)s(CO)] (3d),
Rb[PQ(NH)3(CO),]-0.5H,0 (3¢), and Cs[P@NH)3(CO),] (3f) could be isolated.

Crystal structures

All alkali biuretooxophosphates crystallize in spagpoupP2;/c except for the rubidium salt
(3¢, which crystallizes in the monoclinic space groGp forming an inversion twin.
Crystallographic data and details of the structteinements for3a, 3c, 3e and 3f are
summarized in Table 6. For detailed investigatiérihe crystal structure of the remaining
salts, single-crystal X-ray diffraction 8b"*? and3d!*” was reproduced. The comparison of
simulated and experimental powder X-ray diffractfmatterns of the bulk phase is shown in
Figure S1 (Supporting

Table 1. Angles of torsion for the alkali biuretooxophosfesBa—3f. Information). Besides phase

348 37 33 37 3e (Rb1P 3e (Rb2F  3f© purity, the diffractograms

587 1358 -6.03 -6.28 8.33 13.06 -8.97 show that all reflections could
-6.18 -11.08 4.53 4.69 -3.77 -11.62 8.81 be indexed with the known cell
-13.90 -1.34 13.98 9.73 -14.89 0.55 -5.69
26.16 7.65 -23.51 -17.22  22.28 5.85 2.82 parameters and their observed
-26.50 -4.89 2192 15.71 -17.85 -4.27 -2.89 intensities were in very good
1457 -3.81 -10.57 -6.94 5.84 -3.55 6 .
[a] ideal sign sequence for half-chair conformatiorx/-x/x/-x/x agreement with the calculated
[b] ideal sign sequence for twist conformatiahx/-x/x/-x/-x diffraction patterns based on

[c] ideal sign sequence for chair conformati@/x/-x/x/-x ) ) )
single-crystal diffraction data.
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Table 2. Puckering parameters for the alkali biuretooxophases3a — 3f.

34 3p"! 3dd 3d? 3e (Rb1} 3e (Rb2§ 3fid
o 0.239(2)  0.123(1) 0.208(1) 0.159(1) 0.645(10) 9(28) 0.032(2)
U 0.127(2)  -0.007(1)  -0.111(1)  -0.074(1) -1.743(9)  .96B(38) 0.047(2)
®/° 0.7(4) -11.6(6) 175.0(5) 174.9(4) -76.6(6) 11(4)  178.5(47)
Qr 0.270(1)  0.123(1) 0.236(1) 0.175(1) 1.858(8) 3.29)(  0.057(2)
0/° 61.9(4) 93.4(6) 118.1(4) 114.9(4) 159.7(3) 522) 33.9(18)

[a] ideal puckering parameters for half-chair confation: g = Q; sif, ¢ = Qr cod, Qr = (¢ + )2

[b] ideal puckering parameters for twist conformatic, # 0, g = 0, G = ¢, 6 = 90°.

Whereas the potassium salt is isotypic with the amom salt, the other alkali biureto-
oxophosphates exhibit different crystal structulescontrast to most trimetaphosphimates
that adopt almost a regular chair, twist, or boapnformationt®*%?¢-2% the
biuretooxophosphates are nearly planar. Evaluatfche torsion angl&! (Table 1) as well

as the puckering parameters (amplitude and phase
coordinates that describe the geometry of the ring
puckering relative to the plaf&) (Table 2) suggest

a weak pronounced twist and chair or half-chair
conformation for3b and3f, respectively, while the
other biuretooxophosphates exhibit a half-chair
conformation due to the fact that the phosphorus
atom maintains its preferred (distorted) tetrahledra

coordination, whereas all C/N-ring atoms show

more or less the typical coplanar alignment gor
triazine cores (Figure 1). F@e a second type of
Figure 1. View of the half-chair ring . . . .

conformation of 3a showing 5@ probability Nnalf-chair conformation, with the nitrogen atom

displacement ellipsoids. H atoms are drawn &g, 1044 of the phosphorus atom deflected, appears.

The bond lengths P—-O and P-N (148-150 and 166—+i693gspectively) and the angles O—
P-O (115-118°) and O-P-N (108-112°) are in thec&piange of trimetaphosphimates,
whereas the angles N—-P—N (98-99°) are smaller altizet biuretooxophosphate anion being
more planar than the trimetaphosphimate affoff! The bond lengths C-O and C-N (120-
124 and 133-139 pm, respectively) are comparabtbeaistances observed in cyanurates
and cyamelurates with the C—N(—P) bonds being 2a-3lporter than the C—N(-C) bonds, but
both in the range of C-N single bonds. For the esyghe N-C-O (118-124°) and N-C—N
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angles (115-119°) are also in typical ranges radath cyanurates and cyamelurates, whereas

the distortion of the almost planar ring by the gtteorus atom becomes more apparent by the

appearance of larger C—-N-C angles (127-189%

A systematic change in the relativ
orientation of the anionic rings i
observed with increasing cation siz
Whereas the rings &a and3b show a
nearly parallel arrangement withot
building a hydrogen-bonding networ
(Figure 2 and Figure 3), a slight zic
zag orientation for the rings appea

ST AT
>\\:\\( >§\\:\\< P~

s

DY

-,

N~

>’\\:\\( >~

s O

Figure 2. Crystal structure o3a.

for 3c and3d (Figure 3). N-H-O (N:-O 278-295 pm) bonds are bridging the rings, forming
interconnected zig-zag strands. One half of thgsrim 3e linked by N-H-O bonds (N-O

281 pm) shows a more pronounced zig-zag orientatidrereas the other half is aligned
vertically, also connected by N-HD bonds (N-O 279-288 pm) (Figure 3e). A 3D network

is formed by the connections of both types of ringgwo further N—H- O bonds (N-O 281-

Figure 3. Crystal structures @b, 3c, 3¢ and3f.
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284 pm). Foi3f, the vertically aligned rings form a wire-meshdelike network by N—H O
bonds (N-O 273-285 pm) (Figure 3).

The coordination number of the alka Table 3. Number and type of ligand functionalities of the
PO,(NH)3(CO),-ring.

ions increases with the ionic radii

3a 3b 3c/d 3e 3f

the cations, thereby causing ¢ 01 (CO) ' ' TS
1 2 1 2 2 2

increasing  connectivity of the 929 K “1 L
o 03 (PQ) i i i plp il
coordination polyhedra. In3a, the 04 (PQ) pt p? p? TRl TR
lithium ions exhibit a coordinatior _Z 3 6 6 2 /7 !

number of four, which results in

isolated, slightly distorted tetrahedrons (103—-)20he sixfold and (5+1)-fold coordination
of the Nd, K*, and NH" ions configuring edge-sharing distorted octahesir@ads to 1D
twisted strands along (3b) andc (3c, 3d), respectively. The rubidium salt exhibits two
distinct Rb sites, once sevenfold coordinated (Rbli9wing edge-shared strands alarand
once sixfold coordinated (Rb2), building cornertgllastrands in tha,c plane. For3f, the
only 2D motif arises by edge-sharing heptagonfi@bic plane. In the case &a and3g a
solvent water molecule is incorporated to compléte coordination sphere, which is
otherwise built up from both oxygen species of B@&(NH)3(CO), ring. The rings act as

monodentate and partially bridging®) ligands for the corresponding cations with an

increasing number of &
ligand functionalities
with increasing cat- [P
ionic size (Table 3). 3¢
The distances M—O are¢

comparable with those

Transmission / a.u.

of the alkali trimeta- s
phosphimates and cya
melurates and are ir ]3f
accordance with the
sums of the ionic radi
[Li: 192-197 pm; Na: o - = - - — oA
230-252 pm; Nkt e e

275-291(369) pm; K: Figure 4.FTIR spectra of the alkali biuretooxophosph&asf.
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260-307 pm; Rb: 283-315 pm; Cs: 308-336 Pni®

FTIR Spectroscopy

The FTIR spectra of the alkali biuretooxophosphatesrepresented in Figure 4. They exhibit
features of both alkali trimetaphosphimates andlakkyanurates. Accordingly, the assign-
ment of the bands (Table 4) was accomplished bypemison with both compound clas-
ses*3For all biuretooxophosphates, strong absorptiathénN—H stretching region (3300—
3000 cm?) occurs. The broadness of the signals may be altieet participation of the NH
groups in  hydrogen

bonding, also resulting in Table 4. Vibrational frequencies (ch) observed in the FTIR spectra of the

alkali biuretooxophosphates and their assignment.
weak (for the smaller

_ 3a 3b 3c 3d 3e 3f Assignment
cations) and strong (foi ~3515¢ 3472 W v(H,0)

: : 3389 s 3410 w v(H,0)
the bigger cations) band 3254 s 3266 s v(NH)
between 3050 and 2731 3171s 3188 m 3175 m 3156 nv(NH)

3143 vs v(NH,
cm‘l_ These effects are ir 3047: 3053n 3054n 3044v: 3068 v: 3045n v(NH)
2891 m 2871 m v(N-H---0)
accordance with the 2810m 2825m 2813m 2841s 28l4vs 2826wN-H---O)
2735w 2745w 2746 m 2745s 2748 $(N-H---O)
results from the crystal 1791vs 1699vs 1696vs 1698vs 1694vs 1684wWE=0)
: . 1643 s 3(H,0)
structure analysis, whict 1496 n 1491 v(C-N)
show intermolecular hy- 1479m 1477m 1470m 1481ls 1476vs 1452¢C-N)
1456 s v (NH,)
drogen bonds only bet: 1428 m 1425m 1429 m 1428 s 1445vs 1417w(C-N)
1401 s v (NH,)
ween the rings of the salt 1372's 1386 m 5(NH)

. . 1313v: 1326: 1326: 1323v: 1319v: 1330v: &(NH)
of the heavier alkali ele- 105405 12165 1245s 1224vs 1194vs 1211ws(POy)/
: 3(NH)
ments. The bending ant 1105 vs ve (PO
Wagging modes of the 1079s 1087s 1091vs 1087vs 1082vs 109%s(POy)
1069 vs 1076 vs v, (POy)
NH groups are alsg 1000w 1001w 1005n 1004n 1002: 1007 n v, (P-NH)
918m 899m 901m  907s  916s 914 $(C-N)
assigned in Table4. Ac 808w 810w 827m 814m 814m 815 mv. (P-NH)
766m 757w 772m  775m  766s 758 mo(NH)
for the cyanurates, stroni 697 w 703 vw o(NH)

: 655s 636m 629m 63ls 642vs 638 $(PO,)
absorption  due 10 g79\0 5770w 585w 585w 572w 587w v(MO)
C=0 and C—N stretchinc 529vw 530w 527m 532w 527m 527 m3(C=0)

© 481ls 467w 470m  468s  461ls 467 $S(NCO)
vibrations occurs arounc 416w 417vw 426w 432w 407 s 422 md(NCO)

1700 cm® and between
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1500 and 1420 cif) respectively. The corresponding bending modetkénbiuretooxophos-
phates are observed around 900 (C-N) and 503 @@%0), respectively. Very strong ab-
sorption bands are also visible for the symmetnd asymmetric POstretching vibrations
(1100-1070 and 1250-1200 ©n In accordance with trimetaphosphimates, the sgtrim
and asymmetric P—N stretching vibrations appeavdet 1000 and 800 ¢fn

Photoluminescence Spectroscopy

The excitation and emission spectra of the alkaliditooxophosphates in aqueous solution (
= 2x10° molL™) are displayed in Figure S2 (Supporting InformaYioExcitation and

emission maxima are summarized in Table 5.

Table 5. Excitation and emission maxima of the alkali bitaoxophosphates in solution (solvent sCH ¢ =
2 - 10° mol-LY).

substance 3a 3b 3c 3d 3e 3f 4a 4b
hexmax[NM]  264/344  269/333 260/329 253/290/327 267/354 252/3283/288/326 289/334
hemmalnM] 390 374 371 369 403 365 379 366

The excitation spectra of the alkali biuretooxopitages — recorded at the wavelength of the
emission maximum — show two maxima in the UV reg{@2-269 and 324-354 nm,
respectively) with the second signal being lessrnisé. Emission occurs close to the UV/Vis
transition (365—-403 nm). For comparison, spectréhefsodium salts of the cyanurates and
trimetaphosphimates [Nabl3N3zO3-H,O (4a) and Na(PO:NH)3-H,O (4b)] were measured.
Excitation and emission maxima of these two compsuiTable 5) are in the same range as
those for the alkali biuretooxophosphates, with theaxima of the sodium
biuretooxophosphate being located in between. Eurtbmparison with the excitation and
emission maxima of trig-triazine-based compounds like melem (2,5,8-triansimeptazine;
dexmax = 288 NMAemmax= 366 nm)® 2 5 8-triazidos-heptazine Aemmax= 430 nm§>% and
2,5,8-trichloros-heptazine Aexmax= 310 NM Jem max= 468 nm” provides an indication that
the ring substituents have more influence on thardescent properties than the cations, thus
changing the electronic properties of the ring eyt Showing a significant shift compared
to the other tris-triazine based compounds, the excitation and éomsaaxima of melem are
therefore closer to the biuretooxophosphates dsenriar electron-donating strengths of NH
and OH.
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Thermal Analysis

The thermal behavior of the alkali biuretooxophaph was examined by combined
thermogravimetric analysis (TGA) and differentiiletmal analysis (DTA) measurements
(Figure S3 in the Supporting Information) and terap#re-dependent powder X-ray

diffraction analysis. For the
500

—v— cyamuratss monohydrated lithium salt and the

1 V.
N \ e ohates semihydrated rubidium salt the
] \ release of crystal water is visible at
400
| 190 °C (mass loss observed:

i: 3501 L \\v 10.2%, calculated: 9.%0) and 170

é 300_' '\Nd\l‘ Rb °C (mass loss observed: 54)

§ 1 \ calculated: 3.80), respectively.
207 N{\fs The resulting dehydrated lithium
S biuretooxophosphate is stable up to

Ionic radius of the alkali cations / pm

320 °C; the thermal stability of the
Figure 5. Decomposition temperatures of alkali cyanurated an .
alkali biuretooxophosphate8&-f).") other salts decreases  with

increasing atomic mass of the

alkali cation (Figure 5); an analogous observatias been reported for the cyanurat@s.

The decomposition of the alkali biuretooxophosphaseaccompanied by a continuous mass
loss and endothermic signals, which presumablycatdithe release of gaseous byproducts
like CO,, HNCO, and NH. The formation of the corresponding cyclic andeén
metaphosphates (MR} as intermediates can be observed by temperatpendent powder
X-ray diffraction patterns, accompanied by an ehdohic signal in the DTA curves of the
less heavier cation84& 354 °C;3b: 357 °C;3c. 329 °C;3e 296 °C).
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4.1.1.3 Conclusion

In this contribution, we have presented a novelreggh to the alkali biuretooxophosphates
M[PO,(NH)3(CO),]-xH,0O (in which M = Li, Na, K, NH, Rb, Cs anck =1, 0, 0, 0, 0.5, O,
respectively) with detailed investigation of crysstructures, FTIR and PL spectroscopic
properties, as well as the thermal behavior. Fromstmuctural point of view, the
biuretooxophosphates can be interpreted as inteatesdbetween precursor compounds in
carbon nitride and phosphorus (oxo)nitride chemistthe cyanurates and the
trimetaphosphimates. Temperature-dependent powelay Xiffraction analysis as well as
combined DTA/TG measurements showed the stabifith® 1-phospha-2,4,&triazine ring

up to temperatures of at least 200 °C. The decoitmmo®f the ring at higher temperatures is
accompanied by the formation of the correspondirgtaphosphates (MRJ), therefore
indicating a breakup of the ring next to the phasph atom and to a release of the remaining
ring in the form of gaseous byproducts like £LQHNCO, and NH. To use the
biuretooxophosphates as precursors for the systliscrystalline C(O)NP networks it is
essential to keep the preorganized C-N-P motitcinba at least to prevent the disappearance
of the CN parts of the ring. According to Le Cheie$ principle, future work will focus on
pyrolysis of the biuretooxophosphates under ele@vptessure (for example, in an autoclave
or by using a high-pressure apparatus) to avoid dbmplete decomposition of the
preorganized C-N-P motif and to enable the synshe$iwell-defined phosphorus-doped

carbon nitride networks.

4.1.1.4 Experimental Section

Syntheses

1,1,3,5-Tetrachloro-1-phospha-2,4#6riazine was synthesized according to the litegtt
by reacting sodium dicyanamide (17.6 g, 0.20 mdilk& 96%) with phosphorus
pentachloride (41.6 g, 0.20 mol, Fluka,%8 in dichloroethane (600 mL; reflux, 12—-14 h).
The byproduct NaCl was removed by filtration anck thltrate was evaporated to a

concentrated solution of 200 mL. At 4 °C the prdduas obtained as large colorless crystals.
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Table 6. Crystallographic data and details of the structafmement foi3a, 3c, 3e and3f.

3a 3c 3e 3f
Formula Li[PQ(NH)3(CO),]-H,O K[PO,(NH)3(CO)] Rb[PO,(NH)3(CO),]-0.5H,0 Cs[PQ(NH);(CO),]
Molar mass [g mof]  189.00 203.14 258.51 296.95
Crystal system monoclinic monoclinic monoclinic moliioic
Space group P2i/c (no. 14) P2,/c (no. 14) Cc(no. 9) P2,/c (no. 14)
a[pm] 721.76(14) 585.42(12) 926.55(19) 679.16(14)
b [pm] 683.90(14) 1756.6(4) 3255.3(7) 1486.5(3)
¢ [pm] 1551.5(4) 691.70(14) 670.34(13) 745.37(15)
B ] 117.53(2) 109.65(3) 132.07(3) 93.08(3)
V [10°pnt] 679.1(3) 669.9(2) 1500.9(9) 751.4(3)
z 4 4 8 4
Calculated density  1.849 2.014 2.279 2.625
[g-cni’]
Crystal size [mn 0.12 x 0.10 x 0.09 0.31 x0.16x0.12 0.15x2%10.11 0.12 x 0.10 x 0.06
Absorption coefficient 0.389 0.999 6.791 5.112
[mm™]
F(000) 384 408 992 552
Absorption correction none none multi-scan multfsc
Min. / max. 0.2704 /0.3730 0.3820/0.6644
transmission
Diffraction range [°] 3.1% 0<27.49 3.34K0<27.42 3.0¥x60<27.49 3.3 0<27.49
Index range -¥h<9 -7<h<7 -12<h<12 -8<h<8
-8<k<8 -22<k<22 -42<k<42 -19<k<19
-20<1<20 -8<1<8 -8<1<8 -9<1<8
Parameters / restraints 129/5 112/3 22818 /B12
Total reflections 5357 5661 6178 12375
Independent reflection548 1531 3258 1727
Observed reflections 1364 1369 2820 1573
Min./max. resid. -0.395/ 0.260 -0.409/0.326 -1.159/1.161 -1.412/0.473
electron density
[e 10° pm?
GooF 1.045 1.076 1.035 1.190
Final R indices R1 =0.0279, R1 = 0.0269, R1 =0.0581, R1 =0.0211,
[1 > 26(1)] WR2 = 0.0748! wR2 = 0.0709” WR2 = 0.142%! wWR2 = 0.053¢"
Final R indices (all R1 =0.0333, R1 = 0.0323, R1 = 0.0668, R1 = 0.0239,
data) wR2 = 0.0788! wR2 = 0.0748" wR2 = 0.147¢ wR2 = 0.0558"

[a] w = [6°(F¢?) + (0.0385P) + 0.0388P, [b] w = [6*(F¢?) + (0.0375P) + 0.3991PF,
[c] w = [63(F¢?) + (0.0997P)+ 0.0000P%, [d] w = [6*(F¢?) + (0.0286P) + 0.5402P, for all with P = (Fg2 + 2F2)/3.

According to the synthesis of the trimetaphosph@sats[PONH]; (M* = N&', K*),***Ithe
alkali biuretooxophosphat&b— were obtained by reaction of 1,1,3,5-tetrachloghbspha-

2,4,6-triazine (300 mg, 1.26 mmol) in dioxane (5 )mkith the corresponding acetate
M(OOCCH) [15.12 mmol; M = Na (Merck, 9%), NH, (Merck, 98%), K (Grussing, 990),
Rb (Alfa Aesar, 99.86), Cs (Alfa Aesar, 99.%)] in H,O (5 mL). A temperature of 55-60 °C
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was maintained, first by cooling with an ice ba#tter by heating in an oil bath. After cooling
down to room temperature and evaporation of theest| the product was obtained as
colorless blocklike crystals. The correspondingkl&hlorides can be removed by stirring the

precipitate in methanol (50 mL).

Lithium biuretooxophosphate monohydraBa)(was obtained by an ion-exchange reaction in
agueous solution at room temperature. An aquedusaoof LiCl (75 mL; 9.7 g, 0.228 mol,
Sigma—Aldrich, 99.96) was poured onto a column (ion-exchange capadi6/:mmol)
containing a strongly acidic ion-exchange resin (h%; Amberlyst 15, Fluka). After
thoroughly washing the column with deionized wdtiL), NH, -biuretooxophosphatesd:;
546.3 mg, 2.5 mmol) in water (30 mL) was pourecdhe column. The eluate was collected

and crystallized by evaporation of the solvent.

Elemental analysis (wt.-%Ra: calcd. C 12.71, H 2.67, Li 3.67, N 22.23, P 16f8@nd C
12.45, H 2.75, Li 3.55, N 21.73, P 16.(8h: calcd. C 12.84, H 1.62, N 22.47, Na 12.3, P
16.56; found C 12.71, H 1.88, N 21.71, Na 12.74FQ; 3c. calcd. C 11.83, H 1.49, K 19.3,
N 20.69, P 15.25; found C 11.81, H 1.66, K 18.9019N\36, P 13.313d: calcd. C 13.19, H
3.88, N 30.77, P 17.01; found C 11.39, H 4.04, N029P 13.603e calcd. C 9.29, H 1.56, N
16.25, P 11.98, Rb 33.10; found C 9.44, H 1.45,683, P 11.85, Rb 31.23f: calcd. C
8.09,H 1.02, N 14.15, P 10.43; found C 7.84, 191N 12.33, P 8.62.

X-ray Structure Determination

Single-crystal X-ray diffraction data were collettat 293 K 8a, 3¢) and 173 K 8b, 3¢, 3d,

3f) with a Nonius Kappa CCD diffractometeédaid, 3f) and a STOE IPDS | diffractometer
(3e), both using monochromated MQ-radiation £ = 71.073 pm; Table 6). The diffraction
intensities were scaled using the SCALEPACK sofenpackagé'’! For 3a-d no additional
adsorption correction was applied, whereas 3erand 3f an absorption correction was
performed using the programs XPREP and SADABS ewsely*>*3 The crystal structures
were solved by direct methods using the softwaokage SHELXS-97 and refined agaifét
by applying the full-matrix least-squares methodHEEXL-97).1447* Except for3e the
hydrogen positions could be determined from diffieee Fourier syntheses and were refined
isotropically using restraints for oxygen—hydrogem nitrogen—hydrogen distances. All non-
hydrogen atoms were refined anisotropically.
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CCDC-854273 (foBa), CCDC-854274 (foBc), CCDC-854276 (foBe), and CCDC-854275
(for 3f) contain the supplementary crystallographic datatliis paper. These data can be
obtained free of charge from The Cambridge Crysgadiphic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.

Powder X-ray diffraction data were collected onteeSSTADI P diffractometer using Qi

radiation (for3a—€) and MoK, radiation (for3f).
General Techniques

FTIR measurements were carried out on a Bruker@68S spectrometer. Spectra of the
samples were recorded in an evacuated cell at amntiaditions between 400 and 4000 tm
after diluting the samples in KBr pellets (2 mg géen 300 mg of KBr, hand press with press
capacity 10 kN).

PL measurements were performed on a Photon Teapndhbernational (PTI) fluorescence
system featuring a PTI 814 photomultiplier deteetod a PTI A1010B xenon arc lamp driven
by a PTI LPS-220B lamp power supply.

Thermoanalytical measurements were carried out ruadeinert atmosphere (He) with a
Thermoanalyzer TG-DTA92 (Setaram). The samples Wweated in an alumina crucible from

room temperature to 600 °C with a heating rate kfrin™.

Elemental analyses for C, H, and N were performéti the elemental analyzer systems
Vario EL and Vario Micro (Elementar Analysensysten@mbH). Alkali metal and
phosphorus quantification was performed by atommission spectrophotometry with

inductively coupled plasma (ICP-AES) on a Variarstdisimultaneous spectrometer.

Supporting Information (see footnote on the first page of this articleigure S1 with the
experimental and simulated powder X-ray diffractjpatterns for3a—f, Figure S2 with the

photoluminescence spectra3#-f, and Figure S3 with the DTA/TG curves3#-.
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5.1.2 Calcium Biuretooxophosphate

Ca[PO,(NH)5(CO),], — The First Biuretooxophosphate
with a Divalent Cation

Eva Wirnhier and Wolfgang Schnick

published in: Z. Anorg. Allg. Chen012 638 920-924. DOI: 10.1002/zaac.201200068

Keywords: Biuretooxophosphates; Crystal structure; CalciuRhbspha-2, 4, &driazine

core

Abstract: Calcium biuretooxophosphate Ca[ff@H)3(CO)]. was synthesized by ion
exchange reaction in aqueous solution. The crytacture of the salt was elucidated by
single-crystal X-ray diffraction. Anionic 1-phospBa4, 6s-triazine rings exhibiting a half-
chair conformation act as monodentate ligandsHercalcium ions. A 3D network is formed
by the resulting Cagoctahedrons together with the anionic rings imdenected by hydrogen
bonds. Beside the crystal structure, FTIR and pbotmescence spectra of calcium
biuretooxophosphate are discussed. The thermalimelat the salt is examined by means of
temperature-dependent powder X-ray diffraction measents and combined TG and DTA

analyses.
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5.1.2.2 Introduction

Over the last decades, both carbon nitrides and)fitxidophosphates have significantly
gained interest due to their outstanding chemiogpgrties. Whereas carbon nitride networks
were proven — among others — to act as thermatherastable metal-free catalysts for £O
reduction and water splittify? (oxo)nitridophosphates are known for their broadcsural
variety and the formation of zeolite and clathrateuctures with various pore siZ&d.
Biuretooxophosphates represent a link between opanhitride and phosphorus nitride
networks in terms of precursor chemistry. Builtftggm a six-membered B3 ring they can
be regarded as intermediates between triazine-seulirates and trimetaphosphimates, the
latter consisting of 3 rings (Scheme 1§ Both rings were proven to be building blocks of
2D and 3D network structures like poly(triazine de)*LiCI/HCI®=® or the first two nitridic
zeolites NPO and NP2

0. N> 0 oL N o o B pe
N A da i

ON_ N© HN. _NH HN_ .
\ﬂ/ X o PN Whereas cyanurates and
o) 0o 0 0" 09 . _ _
b trimetaphosphimates were first
a C

mentioned in the 19th

Scheme 1.The striazine-based cyanurate anion (a), the biuretoCentury[,ll_M]

biuretooxophos-
oxophosphate anion (b) and the trimetaphosphinratagc). P

phates are a relatively new class
of compounds. The ammonia salt was described\Nbglsin 1986 as by-product of the
synthesis of COS starting from urea an8sPthe corresponding sodium salt was synthesized
by ion-exchang&®" Only recently, a detailed structural and spectipiccharacterization
of all alkali biuretooxophosphates has been gi¥#&nwhile alkali cyanurates and
trimetaphosphimates are also well characterizeds#its of the alkaline earth elements were
hardly described in detail. Except for two hydratafs calcium and barium cyanurate
{Ca[H»C3N303] - 7H,0, Ba[HCsN303]»-2H,0}¥ whose structures were examined by single-
crystal X-ray diffraction, alkaline earth cyanuatare only investigated regarding their
spectroscopic and thermal properties. Alkalineretiitnetaphosphimates are discussed in the
literature but no comprehensive study includingitiral characterization was done so

far 1529
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In this contribution we report on the first biurekmphosphate with a divalent metal ion,
namely Ca[P@NH)3(CO)],, its structural and spectroscopical propertieswadl as its
thermal behavior.

4.1.2.2 Results and Discussion

Calcium biuretooxophosphate was synthesized byimmhange in aqueous solution, using a
similar approach recently described for the synshesf lithium biuretooxophosphate

Table 1 Crystallographic data and details of the strieetefinement for Ca[P{NH)3(CO),],.

Ca[PO,(NH)3(CO)]2

Molar mass /g-mdi 368.17

Crystal system monoclinic

Space group P2,/c (no. 14)

T/K 173

Diffractometer NoniusKappa-CCD

RadiationA /pm Mo-K,, 71.073

a/pm 1010.8(2)

b /pm 527.45(11)

c/pm 1375.3(5)

BI° 122.38(2)

V /10 pn? 619.2(3)

z 2

Calculated density /g-cin 1.975

Crystal size /mrh 0.18 x 0.13 x 0.09

Absorption coefficient /mmh 0.820

F(000) 372

Absorption correction none

Diffraction range 3.13°<0<27.49°

Index range -13<h<13,
-6<k<6
-17<1<17

Parameters / restraints 109/3

Total no. of reflections 5029

No. of independent reflections 1426

No. of observed reflections 1233

Min./max. residual electron density /e*10m? -0.522 /0.356

GooF 1.023

Final R indices|[> 20(1)]
Final R indices (all data)

R1 = 0.0298wR2 = 0.0828%
R1 = 0.0360wR2 = 0.0863%

[a] w = [6%(Fo?) + (0.0476P)+ 0.3418PT, with P = (F¢* + 2F.)/3
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monohydraté'® After evaporation of the solvent, large colorldgsck-like crystals of
Ca[PQ(NH)3(CO)]. were isolated.

Crystal Structure

Calcium biuretooxophosphate crystallizes in the oofinicspace group P2i/c.
Crystallographic data and details of the structefenement are summarized in Table 1. The
comparison of simulated and experimental powderX-diffraction patterns of the bulk

phase is shown in Figure 1. The

observed intensities are in good
agreement with the calculated

M diffraction pattern based on single-
J M\“M crystal data.

Similar to most alkali biureto-

Intensity / a.u.

A oxophosphated®  the anionic

JMM PO,(NH)3(CO), ring in the

S 15 % s 3 35 T 4 calcium salt exhibits a half-chair
26/°

conformation with the phosphorus
Figure 1. Powder X-ray diffraction patterns (CuX of maintaining its preferred (dis-
Ca[PQ(NH)3(CO),], (top: experimental, bottom: simulated).

torted) tetrahedral coordination

(Figure 2), proven by the torsion
angles (-12.1, 13.0, 16.1, —-35.1, 36.1, —17.9;lisigm sequence —x/x/x/—x/x/-%} and the
puckering parameters (amplitude
and phase coordinates that descri
the geometry of the ring puckerin
relative to the planea), = 0.353(2),
gz = 0.161(2),® = 178.5(3)°Qr =
0.388(2), 6 = 114.5(3) [ideal

puckering parameters for half-cha

conformation:gz = Qr SiY, s =  Figure 2. View of the half-chair ring conformation of Ca[PO
— (.2 21/ [22] (NH)3(CO),],, showing 50% probability displacement ellipsoids.
Qr cod), Qr = (@2" + &) 2] H atoms are drawn as small circles of arbitrarg.siz
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Table 2. Selected interatomic distances /pm and anglesCa[PQ(NH)3(CO),],.

Ca-0 227.3 (1), 232.6(8) 234.7(1)
P-O 147.4(1), 148.(1) 0-P-0 118.50 (7
P-N 168.2(2), 168.3(2) N-P-N 97.99(9)
O-P-N 108.75(8), 109.05(8), 110.25(9), 110.37(8)
c-0 122.4(3), 123.3 (3) C-N-C 128.11(20)
C-N 135.4(3), 134.6(2), N-C-N 116.16(17), 117.20(16) 123.83(16), 118.98(19),
137.1(3), 138.6(4) N-C-O 124.29 (19), 119.53(21)

The bond lengths P-O and P-N as well as the ar@gdés>-O and O-P-N (Table 2) are
comparable with the values observed in trimetaphiosptes?>2®! Furthermore, the angles
N-C—-O and N-C-N as well as the bond lengths C—OGad are in the same range as the
angles N-C—@nd N-C—-N and the C=0 double and C—N single bomayanurates>*'—¢
and cyamelurat€83Y (the salts of the cyanuric acir

HsC3N3Oz and the cyameluric acids8¢N-O3) with the C— @

N(—P) bonds being slightly shorter than the C—N(bGhds. 04 /Qos

The distortion of the planar conformation of cyaatarrings

v

by introducing tetrahedral coordinated phosphonssead of 04

03

carbon is visible most clearly in the larger C—Nafigles @

owing to a not completely planar N—C—N—C-N halfgrin

Figure 3. Coordination sphere of
C&" in Ca[PQ(NH)5(CO),], (Ca:

trimetaphosphimates appear. light gray, O: dark gray).

Furthermore, smaller N-P-N angles compared

The rings act as monodentate

ligands for the C# ions, thus

resulting in  coordination

number 6 of the cations with
nearly regular, isolated
octahedrons (Figure 3, Figure
4). The distances Ca-0O are in
the range of the sum of the

respective  ionic  radlf?

Altogether, a three-di-

Figure 4. Representation of the three-dimensional network omensional network is formed
Ca[PQ(NH)3(CO)],. CaQ octahedrons and H-bonds (indicated by, . ..
dotted lines) are interconnecting anionic biuretgahosphate rings. by connection of the anionic
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biuretooxophosphate rings by Ca@ctahedrons as well as N-& hydrogen bonds
[2.830(2), 3.056(3) pm].

FTIR Spectroscopy

The FTIR spectrum of Ca[RMNH)3(CO)], is displayed in Figure 5. Strong absorption
occurs in the N-H stretching region between 33D 2000 cm' due to the imide groups in
the anionic ring. The broadness of

the signals as well as the band
2883 cm' arise from the
participation of the nitrogen atom
in N—H--O hydrogen bonds. Very

strong and sharp absorption ban

Transmission / a.u.

can be observed in the fingerprir
region (1700-500 cm). An
assignment of the observe

frequencies was carried out i -
. . 4000 3500 3000 2500 2000 1500 1000 500
comparison with Cyanurates an Wavenumber / cm”
trimetaphosphimates and i Figure 5. FTIR spectrum of Ca[P{NH)3(CO),], (KBr pellet).

presented in Table 3.

Table 3. Vibrational frequencies (c) observed in the FTIR spectrum of CapfidH)s(CO),], and their
assignment.

observed frequencies assignment observed frequengie assignment
3273m v(NH) 1087s vs(POy)
3191m v(NH) 985m vad P-NH)
3070s v(NH) 908m 3(C-N)
2883m v(N-H---0) 844w vs(P-NH)
1696vs v(C=0) 762m ®(NH)
1465s v(C-N) 713w ®(NH)
1419m v(C-N) 646m 3(POy)
1312s S(NH) 587w v(MO)
1247s vadPO,) / 3(NH) 534w 3(C=0)
1109s vs(PQ,) 480m 3(NCO)
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Photoluminescence Spectroscopy

As the structurally related class of cyameluratas wroven to show interesting luminescent
properties possibly useful for applications as Hlmegers or UV-stabilizers®
photoluminescence spectra of CapH);(CO),], were recorded (Figure 6). The excitation
spectrum shows two maxima in the
UV region (ex, max= 265 and 340

nm) with the second signal bein

IS =265/340 nm
ex.max
=385 nm
e max

less intense. Emission occurs clo
to the UV/Vis transition Aem, max=

385 nm) and is therefore similar t

Intensity / a.u.

the emission of alkali cyamelurate
(370-400 nm). No significant shif

is observed in comparison with th

alkali biuretooxophosphates, due - —
200 250 300 350 400 450 500
Wavelength / nm

similar electronic properties of thi

P } ) P Figure 6. Photoluminescence spectra (dashed line: excitation
anionic - 1-phospha-2,4 $triazine solid line: emission) of a solution of Ca[R@H)3(CO)),
ring in all saltd18 (c = 2:10° mol-L*, solvent: water).

Differential Thermal Analysis and Thermogravimetry

With regards to the possible applicability of CapH)3(CO),]» as precursor for the syn-
thesis of well-defined CNP(O) networks, the therimathavior of the title compound was exa-
mined. TG and DTA curves of Ca[R@®H)3(CO)]. recorded between room temperature and
600 °C are shown in Figure 7. Accompanied by angtrendothermic signal, the decomposi-
tion of Ca[PQ(NH)3(CO)], starts at 376 °C. The thermal stability of thecah salt is
therefore slightly higher than for the alkali bitoexophosphates which start to decompose
below 350 °C. The thermal behavior beyond this terajure is characterized by a continuous
mass loss, suggesting the release of gaseous Ougqisolike CQ, HNCO, and NH. A
second endothermic signal is caused by the formatib the corresponding phosphate
Ca(PQ); at 440 °C, proven by temperature-dependent poXeay diffraction analysis.
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100

90

heat flow / nV

60

50

T T y T y T g T y T T
0 100 200 300 400 500 600
Temperature / °C

Figure 7. TG (solid) and DTA (dotted) curves of Ca[ffRH);(CO)].,
(24.2 mg), recorded with a heating rate of 5 °Cmin

5.1.2.3 Conclusions

In this contribution we have reported on synthesid crystal structure as well as FTIR and
photoluminescent spectroscopic properties, and nithler behavior of the first
biuretooxophosphate with a divalent cation CajiNbl)3(CO),].. Being structurally related to
cyanurates and trimetaphosphimates, the applitabilibiuretooxophosphates as precursors
for the synthesis of crystalline CNP(O) networkd & in the focus of further investigations.
Analysis of the thermal behavior shows a cleavdgth® 1-phospha-2,4,6iriazine ring at
temperatures around 370 °C accompanied by theseelehgaseous by-products like £0
NH3;, and HNCO. Hence, future work will focus on pyil/ under elevated pressure (for
example in an autoclave under ammonothermal camditior by using a high-pressure
apparatus) according to le Chatelier's principle @woid the decomposition of the
preorganized C—N-P motif. Furthermore, Cajf®);(CO)], may also serve as a potential
biomaterial being a water-soluble precursor for #yathesis of porous Ca(B@ which
serves as artificial bone gréit:>®
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5.1.2.4 Experimental Section

Syntheses

Ammonium biuretooxophosphate was synthesized acuptd reference [12,13] from urea
(Riedel-de Héen, 99.5%) and® (Fluka, 98%).

Calcium biuretooxophosphate was obtained by iorh@xge reaction in aqueous solution at
room temperature. An aqueous solution of G&ELO (75 mL, 22.3 g, 0.152 mol, Merck,
99.5%) was poured onto a column containing 15 mh @xchange capacity: 76 mmol) of a
strongly acidic ion exchange resin (Amberlyst 15)kg). After thoroughly washing the
column with deionized water (3 L), NHbiuretooxophosphate (285.9 mg, 1.57 mmol) in
water (20 mL) was poured onto the column. The elwaas collected and crystallized by
evaporation of the solvent (212.7 mg, 73.6 %). Eetal analysis: N 22.71 (calcd. 22.83), C
12.90 (calcd. 13.05), H 1.81 (calcd. 1.64), P 15@&#8cd. 16.83), Ca 10.41 % (calcd. 10.89
%). 'H NMR (400 MHz, BO): 6 = 9.6 ppm.X°C NMR (400 MHz, D0O): d = 152.9 ppm?>'P
NMR (400 MHz, O): 6 = -9.6 ppm.

X-ray Structure Determination

Single-crystal X-ray diffraction data was collectdl 73 K with a Kappa CCD diffractometer
using monochromated Mk; radiation £ = 71.073 pm). The diffraction intensities were
scaled using the SCALEPACK software packEgeNo additional adsorption correction was
applied. The crystal structures were solved byctlimethods using the software package
SHELXS-97 and refined againgt® by applying the full-matrix least-squares method
(SHELXL-97)B™*°l The hydrogen positions could be determined frofferdince Fourier
syntheses and were refined isotropically usingaegs for nitrogen—hydrogen distances. All
non-hydrogen atoms were refined anisotropically.

Crystallographic data (excluding structure factdws)the structure in this paper have been
deposited with the Cambridge Crystallographic D&entre, CCDC, 12 Union Road,

Cambridge CB21EZ, UK. Copies of the data can baiobd free of charge on quoting the
depository number CCDC-857517 (Fax: +44-1223-338-03E-Mail: deposit@-

ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).
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General Techniques

Powder X-ray diffraction data was collected usingpittaries with a Stoe STADI P
diffractometer using Ci,; radiation with a germanium monochromator and aadmPSD
detector. FTIR measurements were carried out wBhu&er IFS 66Vv/S spectrometer. Spectra
of the sample were recorded in an evacuated cathaient conditions between 400 and 4000
cm* after diluting the sample in a KBr pellet (2 mgrgde, 300 mg KBr, hand press with
press capacity 10 kN). Photoluminescence measutenveere performed with a Photon
Technology International (PTI) fluorescence syst@aturing a PTI 814 photomultiplier
detector and a PTI A1010B xenon arc lamp driveral®TI LPS-220B lamp power supply.
Thermoanalytical measurements were performed innart atmosphere (helium) with a
Thermoanalyzer TG-DTA92 (Setaram). The sample veada in an alumina crucible from
room temperature to 600 °C with a heating rate kifrBin™. Elemental analyses for C, H and
N were performed with the elemental analyzer systefario EL and Vario Micro (Elementar
Analysensysteme GmbH). Ca and P quantification wadormed by atomic emission
spectrophotometry with inductively coupled plasmi&CPCAES) with a Varian-Vista

simultaneous spectrometer.
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5.2 N,N’-Bis(aminocarbonyl)phosphorodiamidates

Ammonothermal Synthesis of AlkaliN,N'-
Bis(aminocarbonyl)phosphorodiamidates M[PQ(NHCONH ,),]
(M = Na, K, Rb)

Eva Wirnhier, Ruth Deborah Boller and Wolfgang Schnck

published in: Eur. J. Inorg. Chem2012 3296-3301, DOI: 10.1002/ejic.201200209

Keywords: Ammonothermal synthesis; Alkali metals; High-pregschemistry; X-ray
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Abstract: Compounds M[PEINHCONH,),] with M = Na, K, and Rb, which are the salts of
N,N’-bis(aminocarbonyl)phosphorodiamidic acid, weretlsgaized by ammonolysis of the
corresponding alkali biuretooxophosphates MfNP1)3(CO),] (M = Na, K, Rb) at 350 °C
and 120-150 bar in an autoclave. The structures veetved by single-crystal X-ray
diffraction and exhibit 3D frameworks in whi®yN'-bis(aminocarbonyl)phosphorodiamidate
ions connect the corresponding alkali ions. Thernia¢ behavior was investigated by
combined thermogravimetric (TG) and differentialerttmal analysis (DTA) as well as
temperature-dependent powder X-ray diffraction val@ate applicability of the alkaN,N"-
bis(aminocarbonyl)phosphorodiamidates as precufsotthie synthesis of CNP(O) networks.
In this context, the concept of Le Chatelier's @pfte for the hindrance of premature

decomposition by applying elevated pressure waseal
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5.2.1 Introduction

Hydrothermal reactions have long been known asveegal approach for the synthesis of
oxides and related compounds as well as the groWdxtremely pure large single crystals
(e.g., quartz crystals used as wafers, or zealf€5)n general, all solvothermal methods
(hydrothermal, ammonothermal syntheses) use salMVesdted above their boiling point at
high vapor pressure (sometimes even beyond theatnttoint) to crystallize compounds with
poor solubility and high melting point by chemi¢ansport reactions. Whereas hydrothermal
reactions in supercritical water are mainly usettifie crystal growth of oxidic materials like
SiO,, ZnO, CrQ, and zeolites, the ammonothermal method is pdatigusuitable for the
growth of nitridic single crystals such as GAN! As ammonia can react as a tribasic acid,
not only nitridic materials arise from ammonothekmmgntheses. A multitude of binary and
ternary amides were synthesized by Jacobs et #ieil970s; they intensely investigated the
behavior of inorganic compounds when applying seritezal ammonid™® Furthermore,
these authors investigated the ammonolysis $Ms,Pwhich results in the synthesis of
diamidooxophosphates and trimetaphosphimates hti@udf the corresponding alkali metal
hydroxided!**?!

The BNs3 ring found in the trimetaphosphimate anida)(as well as its CN-based analogue,
the s-triazine ring found in cyanurate anionkc) (Scheme 1), were proven to be building

blocks of 2D and 3D network structures like poigiine imide)LiCI/HCI®*% or the first

two nitridic zeolites, oxonitridophosphate-1 (NP&»d oxonitridophosphate-2 (NPH5:*8!

Recently, biuretooxophosphated b}

H o H o
O . N.__O O N O O N 0] ) o
@Oﬁi E}T{O 13\1/ \I\E @T: ::I/@ with a 1-phospha-2,4 6triazine core,
P P T which are intermediates between
0" 09 o o° 5
1c

. . cyanurates and trimetaphosphimates,
a b
were investigated with regards to their

Scheme 1. Trimetaphosphimate ion 1§), biuretooxo-

phosphate ionlp) ands-triazine-based cyanurate iohd. structure, spectroscopic properties, and

thermal behavior in light of their

possible applications as precursdtsThermal treatment at temperatures >200 °C ledheo t
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cleavage of the anionic ring accompanied by relefsgaseous byproducts like HNCO and
NHs. The replacement of C by P in a#triazine core, maintaining its preferred (distdite
tetrahedral coordination, lowers the thermal sitgbdf the biuretooxophosphates relative to
the related class of cyanuraté® as stabilization from the—r stacking found for planas
triazine cores is missing. Furthermore, the fororatf corresponding stable metaphosphates
(MPOs)x as decomposition products acts as a driving foume the comparatively low
decomposition temperatures. With regards to thdicgiplity of biuretooxophosphates as
precursors for the synthesis of CNP(O) networksplygis needs to be conducted under
elevated pressure to avoid the decomposition opteerganized CNP motif according to Le
Chatelier's principle. In this context, investigats on the behavior of the alkali
biuretooxophosphates in supercritical ammonia ah htemperatures were performed.
Ammonolysis of the biuretooxophosphates at 350 °Qeldgd alkali N,N’-
bis(aminocarbonyl)phosphorodiamidates MPRMMHCONH,),] (M = Na, K, Rb), which are
characterized thoroughly in this contribution imnie of their structural and spectroscopic
properties as well as their thermal behavior.

5.2.2 Results and Discussion

The alkaliN,N’-bis(aminocarbonyl)phosphorodiamidates MPPIHCONH,),] with M = Na
(2a), K (2b), and Rb 2c¢) were synthesized by ammonolysis of the alkalirddm
oxophosphates M[P{NH)3;(CO)] (M = Na, K, RDb) in an autoclave at 350 °C. Duethe
generated autogenous pressure of about 120-158rbalimination of gaseous byproducts as
observed for the thermal treatment of biuretooxephates under ambient pressure was
inhibited. Ring opening of the
o B . E R, 1-phospha-2,4,6-triazine
HﬁN/\ /\I\]I/{ﬁ/ NH, — HT«,\}\EQ‘?_» JOJ\O:\P:@ ﬁ\ core OCC%J.I’S by means of the
8’1)\\0 8: \<o HBN- NN NH nucleop.hlllc attack of
ammonia to the carbonyl
Scheme Zz Mechanism of the ammonolvsis of biuretooxonhosts: group, thus leading to the
formation of the symmetrit,N’-bis(aminocarbonyl)phosphorodiamidate anion (Sobeth

At higher temperatures (>400 °C), the nucleophditack of two further molecules of
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ammonia leads to the cleavage of urea and the fmmaf NaPQ(NH.),, which decomposes
to NaHPQNHs; in air.

Crystal Structures

The sodium salt oN,N’-bis(aminocarbonyl)phosphorodiamidic aciga) crystallizes in the
monoclinic space grou@2/c, and the isotypic potassiur@l) and rubidium 2¢) salts in the
orthorhombic space groudfdd2. Crystallographic data and details of the stmgctefinements
for 2a, 2b, and2c are summarized in Table 1. The comparison of sitadland experimental
powder X-ray diffraction patterns of the bulk phase shown in Figure S1 in the Supporting
Information. In addition to phase purity, the daftograms show that all reflections could be
indexed with the known cell parameters, and thdiseoved intensities were in good

agreement with the calculated diffraction pattdrased on single-crystal diffraction data.

The title compounds exhibit three-dimensional frammek structures in whichN,N'-
bis(aminocarbonyl)phosphorodiamidate anions link ¢brresponding alkali ions. The anion
provides four potential coordination sites (2 x C=I0x PQ), which all participate in the
coordination of the cations ifa, 2b, and 2c. However, with the P atom maintaining its
preferred  (distorted) tetrahedral
coordination and the resulting twisted
conformation of the anion (Figure 1),
a tetradentate coordination of the
cations is excluded. FoRa the
sodium cation is coordinated by six
anions that act as monodentate

ligands. By means of the bridging

Figure 1. View of the N,N-bis(aminocarbonyl)phosphoro- function of thep,-carbonyl groups in
diamidate anion2a) showing 50% probability displacement . .
ellipsoids. Hydrogen atoms are drawn as small esrcbf the ac plane, this sixfold

arbitrary size. coordination of the cations configures
edge-sharing regular octahedrons, therefore ledditige formation of 1D strands along the

axis (Figure 2). Additionally, the octahedrons emenected through the RQ@Qroups oiN,N’-
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Table 1.Crystallographic data and details of the structafmement foi2a, 2b and2c.

2a 2b 2c
Empirical formula GHgN4NaO,P GHgKN,O4P GHgN4,O,PRb
Formula mass [g md] 204.07 220.18 266.55
Crystal system monoclinic orthorhombic orthorhombic
Space group C2/c (no. 15) Fdd2 (no. 43) Fdd2 (no. 43)
T/K 293 173 293
Diffractometer Nonius Kapp-CCD Oxford SapphireCCD Nonius Kappa-CCD
Radiation/ [pm] Mo-K,, 71.073 Mo-K, 71.073 Mo-K, 71.073
a[pm] 875.2(2) 1037.0(2) 1272.6(6)
b [pm] 1191.2(2) 1270.7(6) 1058.6(2)
¢ [pm] 700.6(1) 1110.3(2) 1127.0(2)
B °] 103.68(3) 90 90
V [10° pm] 709.7(2) 1463.1(8) 1518.3(5)
Z 4 8 8
Dearca. [9 €M7 1.910 1.999 2.332
Crystal size [mrij 0.20x0.20 x 0.13 0.25 x0.20 x 0.08 0.34 x0x3.27
w [mmY 0.429 0.927 6.716
F(000) 416 896 1040
Absorption correction none multi-scan multi-scan
Min. / max. transmission - 0.6765 / 1.0000 0.23864145
Diffraction range [°] 3.4 6<30.03 4.8 0<30.49 4.83%0<27.45
Index range -1Z2h<12, -10<h< 14, -16<h< 16,
-16<k<16 -18<k<17 -13<k<13
-9<1<9 -15<1<15 -14<1<14
Parameters / restraints 69/3 61/2 57/1
Total no. of reflections 3466 3150 6382
No. of independent reflectio 1041 1056 803
No. of observed reflectio 987 1011 791
Min./max. residual electron density -0.312 / 0.312 -0.423/0.320 -0.670/ 0.459
[e 10° pm?]
GoF 1.049 1.107 1.035
Final R indicesI[> 25(1)] R1 =0.0251, R1 = 0.0294, R1 =0.0341,
WR2 = 0.0656 WR2 = 0.0848! WR2 = 0.1016
Final R indices (all data) R1 = 0.0265, R1 =0.0313, R1 = 0.0347,
WR2 = 0.066% wR2 = 0.0868" WR2 = 0.1016'

[a] w = [6(Fc) + (0.0274P) + 0.7971P}, [b] w = [6¥(Fe) + (0.0528F) + 0.6972P1, [c] w = [6%(F¢?) + (0.0489P) + 17.6549P1, for all

with P = (F + 2F)/3.

bis(aminocarbonyl)phosphorodiamidate anions, whicklge by turns the remaining two

axial vertices of the octahedrons. To completectiwdination sphere of the cation2imand

2¢, which resembles the diamond structure, seMN’-bis(aminocarbonyl)phosphoro-

diamidate anions are necessdhg latter acting as bidentate ligands for oneocaéita time

with their PQ group. An eightfold coordination difie cations appears, thus forming irregular

polyhedrongthat significantly resemble distorted cubes. Eagatyhedron is built from four
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oxygen atoms from a carbonyl group and four oxygeims from a P@group. With both
oxygen species havingua-bridging function a new and rather dense 3D ntbat comprises
interpenetrating zweier chains
formed by edge-sharing RigC
polyhedrons is formed (Figure
3). The chains run in [011] ant
[011] direction with eacl
polyhedron being part of bott
chains and sharing four edge

with neighboring polyhedrons

in two directions. The motif of

edge-sharing cubelike poly Figure 2. Crystal structure a2a, showing 1D strands of edge-sharing
NaQ; octahedrons along the axis interconnected byN,N'-
hedrons has hitherto only bee bis(aminocarbonyl)phosphorodiamidate anions.

known in layered structures

like EuKNaTa@?! with four parallel edges shared in Eu€ubes or for structures that
contain trigonal units of triply edge-sharing culreshree directions like kifMnN3]sN, with
NMnLi; cubed??

The framework structures
of 2a 2b and 2c are
complemented by the
formation of H-bonding
networks interconnecting
the N,N’-bis(aminocarbo-

nyl)phosphorodiamidate
anions. Both NH and NH

Figure 3. Crystal structure o2c showing a 3D framework of edgesharing fi
RbG; polyhedrons interconnected BY,N'-bis(aminocarbonyl)phosphoro- groups are acling as
diamidate anions. Interpenetrating zweier chains iru [011] and [0171] nor formin NH
direction (exemplarily highlighted in dark gray tive right side). donors,  fo 9 O
bonds with the oxygen

atoms of the carbonyl and the phosphate group. W#tances N O of 290-299 ppm the H-

bonds in2b and 2c are slightly shorter than iga (303—-316 pm), thus causing a denser

network. The interatomic P-O, P-N, C-0O, and C—fhdses (Table 2) are nearly the same in

2a, 2b, and2c and do not differ significantly from the bond lehgtin the corresponding
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Table 2. Selected interatomic distances [pm] and angles 2}, 2b and?2c.

2a 2b 2c

M-O  233.2(1), 239.9(1), 282.8(2), 296.9(2), 301.4(2), 291.3533, 301.6(4), 305.0(4),
248.2(1) 308.1(2) 316.2(5

P-O 148.6(1 149.4(4 149.3(4

P-N 168.8(1) 169.1(2) 169.3(4)

c-0 124.4(1) 124.8(3) 124.5(6)

C-N 133.9(2), 137.0(2) 133.9(3), 137.2(3) 134.4(6),.985

O-P-O  122.69(5) 120.77(9) 120.97(21)

N-P-N  105.39(5) 106.34(9) 105.86(20)

O-P-N  104.71(5), 109.11(: 104.99(9), 109.50( 105.37(20), 109.20(2

biuretooxophosphates. Due to the ring opening, Nké—N angles are larger than for
biuretooxophosphates and approach the ideal tetralhangle of 109.47° as do the O—P-N
angles. Only the O—P-0O angles cause a slight dmtoof the PQN, tetrahedrons. The M-O
distances are comparable with the ones found faretwoxophosphates and in accordance
with the sum of the ionic radfi’!

FTIR Spectroscopy

The FTIR spectra a2a, 2b, and2c are displayed in Figure 4; an assignment of thal®as
given in Table 3. Strong absorption occurs in theHNstretching region (3450-3200 ©n
due to the presence of NH and Nigroups in theN,N'-bis(aminocarbonyl)phosphoro-

diamidate anion. In compariso

with urea and biuret, the twc a
bands at higher wavenumbel
are assigned to NH groups, b
whereas the band at around 32!

cmit that is clearly visible only

Transmission / a.u.

for 2b and 2c results from the
NH groups. The difference

between the spectra arise

probably from a different

T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 300

hydrogen-bonding network witk wavenumber / cm”
both NH and NH groups acting Figure 4. FTIR spectra o2a, 2b, and2c.
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Table 3. Vibrational frequencies [c) observed in the FTIR as donor. Bending and wagging
spectra oRa, 2b and2c with assignment.

Urea®  2a 2b 2c modes of NH and Npigroups are
3447 3420 (vs) 3420 (vs)3414 (vs) v(NHy) also assigned in Table 3 and cause
3347 3315 (vs) 3277 (s) 3286 (s) v(NH,) o , ,
3193 (vs) 3205 (vs) v(NH) strong absorption in the fingerprint
2760 (vw) 2791 (w) 2786 (W) V(N-H---O) region. As for urea, C=0 and C—-N

1683 1678 (vs) 1693 (vs)1691 (vs) 3(NH,)

1631 1613 (vs) 1642 (vs) 1643 (vSH(NH,) stretching vibrations are visible at

1603 1571 (vs) 1598 (vs) 1597 (vs)(C=O) 1600 cm' and around 1450 to

1468 1444 (vs) 1426 (vs) 1422 (vsy(C-N) . o
1395 (vs) 3(NH) 1420 cm". Strong absorption is
1252(vs 1230(s 1233(s 2(PC .

1166 v () © ‘V)(,EIHZ)Z) also observed for the symmetric

1078 (vs) 1060 (s) 1058 (s) vi(POy)

1061 1033 (vs) 1038 (vs) 1034 (vsp(NH) and asymmetric PO stretching

866 (s) ~ 870(m) 866 (m) v(P-NH) vibrations (1080-1050 crh and
785(m) 798 (W) 798 (W) o(NH)
780(w)  779(w)  o(NH) 1250—1230 cr).

618 (vs) 613 (s) 611(s) (PO
568 (vs) 550 (vs) 549 (vs) 3(C=0)/v(MO)

Thermal Behavior

The thermal behavior dfa—c was examined by means of combined thermogravimglf)
and differential thermal analysis (DTA) (Figure $1 the Supporting Information) and
temperature-dependent powder X-ray diffraction. Hfkali N,N’-bis(aminocarbonyl)phos-
phorodiamidates are stable up to 12 &nd 2b) and 250 °C Zc), respectively. FoRc the
decomposition process is initiated by the elimoratof formamide HCONE accompanied
by a strong endothermic signal (mass loss obserd/@dt%, calculated: 16.9 %). The TG
curves of2a and2b show a slow mass loss starting at 150 °C due tar@aptransformation
of 2aand2b into the corresponding biuretooxophosphates (prdyetemperature-dependent
powder X-ray diffraction) associated with the elm@iion of ammonia. At 250 and 226 °C,
complete decomposition starts, accompanied by & ross of 14.54a) and 15.5% Zb),
respectively, probably due to the elimination ofrnfamide from residualN,N'-
bis(aminocarbonyl)phosphorodiamidate ions. At higieenperatures a continuous mass loss

is observed, which leads to the formation of theesponding metaphosphates (MO
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5.2.3 Conclusion

In this contribution we have reported the firstastigation of the behavior of CNP-based
compounds under ammonothermal conditions. By meain@mmonolysis of thealkali
biuretooxophosphates at temperatures >350 °C, thkali aN,N'-bis(aminocarbonyl)-
phosphorodiamidates M[RMNHCONH,),] with M = Na, K, and Rb were prepared.
Structural investigations based on single-crystabX diffraction data showed the formation
of 3D frameworks in whichN,N’-bis(aminocarbonyl)phosphorodiamidate anions lihie
corresponding alkali ions. A new 3D motif that carepd interpenetrating zweier chains
formed by edge-sharing MOpolyhedrons was observed for M = K, Rb. Tempeegatur
dependent powder X-ray diffraction analysis as vesllcombined DTA/TG measurements
showed a low thermal stability of the title compdsrup to 150 °C at ambient conditions
compared to the synthesis temperature of 350 °“T2@t150 bar. Accordingly, the reaction
behavior is in accordance with Le Chatelier's ppie because the breakup of the
biuretooxophosphate ring next to the P atom andédlease of the residual ring in the form of
gaseous C/N/O/H-containing byproducts could betesthifto higher temperatures under
elevated pressure. Further investigations will ocun the pyrolysis of appropriate CNPO
precursors like biuretooxophosphates and alk&ljN'-bis(aminocarbonyl)phosphoro-
diamidates under higher pressure, for instanceising the multianvil technique to enable the

synthesis of well-defined CNP(O) networks.

5.2.4 Experimental Section

Syntheses

The title compound®a, 2b, and 2c were synthesized by reaction of the corresponding
biuretooxophosphates M[BMIH)3(CO),] xH20 (x = 0/0/0.5) with liquid ammonia in a high-
pressure vessel. The starting material was intrediucto a Parr autoclave (Type 4740CH)
with a Parr gage block (Type 4316) and connecteda tsacuum/inert gas line. After
evacuation of the vessel, a sufficient amount ofnama was condensed by cooling the vessel
to =80 °C. The vessel was closed and slowly wartoeom temperature, then heated to

350 °C in two steps (at 2 °C-mirto 200 °C, then at 1 °C-mihto 350 °C). A pressure of
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120-150 bar was observed during the reaction. Adteh, the vessel was cooled to room
temperature at 1 °C-mih and the residual pressure was released by dgrefoéning the
valve of the gage block. The product (quantitateld) was obtained as finely dispersed

white powder. Single crystals were grown by realigation from water.

Compound2a: calcd. C 11.77, H 2.96, N 27.46, Na 11.27, P 85idund, C 11.30, H 2.96 N
26.57, Na 11.72, P 15.24. Compouid calcd. C 10.91, H 2.75, K 17.76, N 25.45, P 14.07
found C 10.74, H 3.32, K 14.26, N 27.01, P 14.36m@ound2c: calcd. C 9.01, H 2.27, N
21.02, P 11.62, Rb 32.07; found C 8.47, H 2.420M2P 11.57, Rb 28.8.

'H NMR (270 MHz, BO; 2a-20): 6 = 6.3 (s, 2 H, NB), 9.7 (s, 2 H, NH)**C NMR (67.9
MHz, D,O; 2a-2¢): § = 159.7 ppm>'P NMR (109 MHz, BO; 2a-2¢c): & = —9.2 ppm.

X-ray Structure Determination

Single-crystal X-ray diffraction data for compourzisand2c were collected at 293 K with a
Kappa CCD diffractometer by using monochromated Horadiation § = 71.073 pm). The
diffraction intensities were scaled by using theABEPACK software packadé® For2ano
additional adsorption correction was applied, whsréor 2c an absorption correction was
performed by using the program SADABS. Single-crystal X-ray diffraction data for
compound2b were collected at 173 K with an Oxford XCalibun#rdctometer by using an
enhanced optic with Mé, radiation { = 71.073 pm). Data collection and reduction were
carried out by using the CrysAlisPro software paed’ An absorption correction was
performed by using the program SCALE3 ABSPABK The crystal structures were solved
by direct methods using the software package SHEQX&nd refined against by applying
the full-matrix least-squares method (SHELXL-87)Y The hydrogen positions could be
determined from difference Fourier syntheses andewefined isotropically by using
restraints for N—H distances. All non-hydrogen atomwere refined anisotropically. Further
details of the crystal structure investigation nteyobtained from Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germ@ax: +49-7247-808-666; E-mail:
crysdata@fiz-karlsruhe.de, http://www.fiz-karlsrudedrequest_for_deposited_data.html) on
guoting the depository numbers CSD-424129 ) -424131 (for2b) and -424130 (foRo),
respectively. Powder X-ray diffraction data werelleded with a Stoe STADI P
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diffractometer by using C#s,; radiation. In addition to phase purity, the difi@grams show
that all reflections could be indexed with the kmoeell parameters, and their observed
intensities were in very good agreement with thieutated diffraction patterns based on

single-crystal data.
General Techniques

FTIR measurements were carried out with a Bruk& @6v/S spectrometer. Spectra of the
samples were recorded in an evacuated cell at atntmaditions between 400 and 4000 tm
after diluting the samples in KBr pellets (2 mg s&n 300 mg KBr, hand press with a
pressure of 10 kN). Thermoanalytical measuremerdse vwarried out under He with a
Thermoanalyzer TG-DTA92 (Setaram). The samples weated in an alumina crucible from
room temperature to 600 °C with a heating rate &f®in". Elemental analyses for C, H,
and N were performed with Vario EL and Vario Midielementar Analysensysteme GmbH)
elemental analyzer systems. Alkali metal and phosghquantification was performed by
atomic emission spectrophotometry and inductivebypted plasma (ICP-AES) with a

Varian-Vista simultaneous spectrometer.

Supporting Information (see footnote on the first page of this articlegure S1 with the
experimental and simulated powder X-ray diffractjmatterns forRa—c, and Figure S2 with
the DTA/TG curves ofa-2c.
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6. Discussion and Outlook

6.1 On the Formation and Solvothermal Treatment oMelam

Since the first pioneering investigations by Lieng1834 who reported on the synthesis of
melamine, melam, melem, ammeline and ammelide lbglysis of ammonium thiocyanate,
guestions on the existence and structure of melave lboccupied researchers for one and a
half century™ Not until 2007 these questions were answered dylétermination of melam’s
structure by single-crystal X-ray diffractiéth.However, marginal yields as well as the low
solubility of this molecule spoiled further effotts extend melam chemistry.

As melam is regarded a very short-lived and highbctive intermediate in the condensation
process of melamin to melem and only achievabke marrow temperature and time range as
by-product of other condensation intermediatess thesis developed the idea of slowing
down condensation rates by applying elevated amenmm@issure. According to Le Chatelier’s
principle, the raise of pressure shifted the euilim to the reactant side (Scheme 1),
allowing for the isolation of nearly phase-purekomlelam from reactions of dicyandiamide at

450 °C and 0.2 MPa ammonia pressure (4-5 days).

NH, NH, NH, N A

NKN - NH; A A - NH, Bl i

NN NN

| | [ = N° "N N
HzNJ\N//LNHz * NH; H2NJ\N/)\IP\IIJ\\NJ\NH2 Ny L

Scheme 1Condensation of melamine to melam and melemibyirgtion of ammonia.

Together with the synthesis of melam-melem addbese(s) at longer reaction times of 9-12

days, which allowed insights into the condensagimtess from melam to melem for the first
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time, the formation of melam can be regarded agraof of principle” of this synthesis
strategy. By a very carefully adjustment of reattemnditions, also the synthesis of further
melam-melem adduct phases is conceivable. The fuskevated ammonia pressure may as
well permit investigations on the condensation psscfrom melem to melon if reactions are
conducted at higher temperatures. However, spetiébclaves with maximal operation
temperatures of > 500 °C are needed for theseioaacas the condensation of melem to

melon occurs not until ~ 620 °C in ampoufés.

For closer insights into the nature of the hereiespnted melam-melem adduct phase(s)
regarding quantity, composition and structure, llasathods like advanced solid-state NMR
spectroscopy or TEM investigations will be the noglh of choice, though being very time-
intense. First attempts to solve the structurenefadduct phase(s) by ADT measurements in
cooperation with Tobias Rosenthal (LMU Munich) abd Tatiana Gorelik (University of
Mainz) yielded a large unknown unit cell with thergmetersa = 18.97,b = 4.53,c = 21.57
andp = 105°. By evaluating symmetry operations andnetitbns, the space groug2i/c was

determined. Further investigations are in progress.

Due to the low solubility of melam in common solt&melam chemistry was so far nearly
completely restricted to solid-state syntheses. epkcfor melamium diperchlorate
(CsN11H11(ClOy)2-2H,0), a salt that was synthesized by reaction of mekdth HCIO, in
solution!?! all residual completely characterized melam compisu(two melamium adducts
(CeN11H10Cl-0.5NHCI, CeN11H16SCN-2GN3(NH.)9)! and the complex Zn[gbl11Hg]Cl,)
were formed in ampoule reactions. However, as ymehssis of crystalline melam hydrate
(CeN11Ho-2H,O) - which was so far only accessible as polychysea multiphased com-
pound - has proven, the solubility of melam canirbproved by hydrothermal conditions
using an autoclave. Hence, new pathways for melaemcstry have developed. Both
investigations on the acid-base-behavior of melawoming to similar investigations on
melent>® as well as the synthesis of coordination netwbgkseaction with transition metals

in solution are feasible, extending the knowledgeua this historically compound.
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6.2 Polytriazine Imide — Structure and Properties

The synthesis and characterization of PTI/LIiCl katarged the rather small field of well-
defined carbon nitride networks by its so far masstalline representative. By ionothermal
synthesis in a LICI/KCI salt melt the well-knownsig of rapid condensation leading to
amorphous products has been overcome, therefawiad) for an ab initio structure solution
for PTI/LICI from powder and electron diffractiororf the first time in polymeric carbon
nitride chemistry. Furthermore, the incorporatidri_Lo” and Clions in channel-like voids is
influential for increased crystallinity and shoytbbably allow for a variation of the network
for example by ion exchange or by the utilizatioh ather salt melts. However, the
insolubility of PTI/LICI in all
common solvents impedes any
ion exchange reaction by
solution chemistry. By reacting
dicyandiamide in other salt
melts (containing NaCl, KCI,
ZnCl, e.g.), only the formation
of amorphous products is
observed, probably due to the
small diameter of the voids
(254 pm, cf. Figure 1) which
allows only for the incor-
poration of very small cations
like Li* or H'. Despite the
insolubility of PTI/LICI, soxhlet

extraction with water enabled

Figure 1: Space-filling model of PTI/LICI, showing a smalbtheter  the successive extraction of'Li
of the voids of 254 pm after subtraction of the dan Waals radii.

and CI ions while keeping the
structure of this carbon nitride imide polymer pttaFurthermore, samples with HCI
incorporation and a different stacking order of tpely(triazine imide) network were
presented byMcMillan et al® Hence, these modification of PTI/LIClI enable both
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investigations on the properties of these crystallnetworks as well as their structural

correlations.

Further examination of the structure of PTI/LiCimts out to the existence of UH" disorder
phenomena regarding the occupation of the voidqréyriate Li-N and Li-Cl distances as
well as a difference Fourier synthesis were takga account to localize Liions; however,
an exact determination of theLjpositions by Rietveld refinement turned out todiféicult
due to the elusive nature of Li. By yielding a oahl./NH of 3.6:1 and an increased Li
content, both elemental analysis and solid-state RNMvestigationsindicate partial
deprotonation of the bridging imide units and sitb§on of H™ with Li*, resulting in the
empirical formula of [(@N3)2(NHxLi1x)3-LiCl]. For a more detailed description of the
disorder, theoretical calculations and elaborat@dl-state NMR investigations may serve,
the latter probing the short-range order and thallenvironment of parts of the structure. Via
REDOR (rotational echo double resonance) and REARD@tational echo adiabatic
passage double resonance) measurements the stoérgiteronuclear dipolar couplings can
be examined, yielding for instance H-H, H-Li or Nédistances which facilitate the evaluation
of various theoretical models.

Band gap measurements for PTI/LICl and samples nelaced LiCl content were conducted
by means of X-ray absorption/emission spectrosdofyS/XES) on bulk samples and by
valence electron energy loss spectroscopy (VEELBgy show strong dependence on the
LiCl content and the band gap ranges from 2.2 e¥. 9@V by gradually reducing the amount
of LiCl incorporated, explicable by theoretical @ahtions on the band structure. They show
hybridization of the N 2p and CI 2p states as well strong influence of the charge density
of the hydrogen-stripped imide sites below thedbthe valence band which change the N 2p
- N/C 2p transition determining the band gap. Whie tombination of local and bulk
experimental methods on the one side and theoreabdzulations on the other side a pool of
methods has now been established which allows forewy exact (and explainable)
determination of the band gap and the electromigcttre and could now be transferred to

other graphite-type carbon nitride networks likdang' or PTI/HCI !

Hence, with a tunable band gap, PTI(/LIiCl) représen promising organic semiconductor

with high thermal and electrochemical stabilityerdéfore being an auspicious candidate for

photocatalytic activity not only towards water #ntig. Furthermore, due to its continuous 2D
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connectivity and the absence of strong interlayecds a graphite- (and graphene?) like
chemistry may be expected. Both for further in\geggtons on various properties of PTI/LICl
(conductivity, HOMO/LUMO level) as well as for paske (opto-)electronical applications as
coatings, membranes or sensors the processakililyisocompound needs to be extended.
The deposition of thin films is advantageous in ynaespects and may be accessible by

various spin, dip or spray coating methods or lpgiddy-layer (LbL) deposition.

6.3 Phosphorus-doped Carbon Nitride Precursors

Since the first use of carbon nitride type materi@ metal-free heterogeneous catalysts in
20069 this class of compounds has attracted much attemtwing to medium-bandgap
semiconducting properties leading to a high efficiein photocatalytical applications. As
chemical doping is regarded as a capable strategyriing physicochemical properties of the
mother compounds, several attempts to improve tiebwtes of carbon nitrides by
introducing sulfuf** boron™ fluorind®® and phosphorus have been repoftddalthough

no structure elucidation is given for these exas\p#tructure models based sieptazine
units with single nitrogen or carbon atoms replabgdoreign atoms are proposed for these
compounds, which were synthesized by copolymednadr post-functionalization of carbon

nitride networks.

Within this thesis, another approach towards phosmidoped carbon nitride materials was
persecuted. As the intermediates melamine and melemwell as the final condensation
product melon are very stable thermodynamical drainthe condensation process to carbon
nitrides, the synthesis of well-defined C/N/P-netkgoby a targeted exchange of several
atoms by the methods outlined above seems rathprobable. By contrast, precursor
molecules exhibiting the 1-phospha-2,4;6tazine core are promising candidates for the
synthesis of crystalline networks and were examieg@rding functionalization and thermal
behavior. With the phosphorus atom embedded irsthi@zine ring (“endocyclic doping”),
the synthesis of well-defined networks with evedigtributed phosphorus according to the

synthesis of “pure” C/N/H polymers was considerezhmngful.
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With the alkali and alkaline earth biuretooxophasels presented in Chapter 5, a first class of
compounds consisting of an 1-phospha-2git@azine core was examined with regards to
their applicability as precursors for the synthesdisvell-defined C/N/P/(O) networks. Being
intermediates between carbon nitride and phosphaoigle precursors (cyanurates and
trimetaphosphimates), investigations on the thertredtment of these precursors yielded
valuable information on the stability of C/N/P/(@pmpounds. At ambient conditions,
biuretooxophosphates were proven to be stable apriwst 375 °C before decomposing into
the corresponding metaphosphates (MRQndicating a breakup of the ring next to the
phosphorus atom. The residual ring componentsedeased in form of gaseous byproducts
like CO,, HNCO and NH. Hence, regarding the stability of the generatedsphates and
byproducts, the formation of phosphorus-doped cartride networks by condensation (or
copolymerization) reactions under ambient condgi@nd in air can rather be excluded.
However, especially the formation of gaseous bypctsl leads to the assumption that —
according to Le Chatelier's principle — the useetdvated pressure may be the method of
choice to impede the decomposition of the preomghiCNP ring at higher temperatures
which are necessary for the formation of netwoilkee same also applies for a second class
of precursors, th&l,N’-bis(aminocarbonyl)-phosphorodiamidates which weyathesized by
ammonolysis of the corresponding biuretooxophogshand decompose to metaphosphates

at elevated temperatures as well.

Reactions under elevated pressure can be realigedabous methods. One way are
solvothermal syntheses by the usage of superdrificédds combined with autoclave
technique. Established solvents are water, carlmnidg or ammonia, the latter one leading
to the formation of théN,N’-bis(aminocarbonyl)-phosphorodiamidates by higmperature
treatment of the biuretooxophosphates as preseamt€tapter 5.2. Good solvating properties
and a low viscosity are important advantages peavithy supercritical fluids, probably
leading to the formation of more new interesting anystalline C/N/P/(O) compounds. For
the synthesis of networks, however, reaction teatpegs achievable in autoclaves are not
high enough. Most commercialized autoclaves aregded for temperatures up to 300 °C; a
maximum temperature of 500 °C is accessible foratlteclaves used in this work. Although
amorphous carbon nitride networks are already fdrate500 °C in open systems, even the
ammonia partial pressure arising from condensatgactions in ampoules increases the
temperature necessary for the formation of netweéokat least 600 °C. As the pressure in
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autoclaves is much higher than in ampoules, tenmyres significantly above 600 °C are

probably needed for the formation of networks itoalave reactions.

Another method to achieve high pressure and higipéeature conditions simultaneously is
the multianvil technique. Pressure is generatedhar@cally, thus excluding reactions of the
precursor with the solvent. First attempts in a [m@ssure range (up to 5 GPa) indicate that
the stability of the formed phosphates may be teial factor impeding the formation of
CIN/P/(O) networks. A comparison of the binding refies of P-O and P-N borl{d leads to
the assumption, that a precursor consisting onlthefelements C, N, P (and H) may rather
enable the formation of a stable C/N/P network thasxygen containing one. Keeping the
idea of the 1-phospha-2,4sd@riazine core being the most promising candidaie the
formation of such networks, a probably very coneahiprecursor for this approach is, in
analogy with melamine for the

N 2
Cl/\II)/ \1|>< NH; H2N>I|>/ \\I|’< synthesis of carbon nitride
| Cl . | NH _
N\P7N 25°C, 48h N\PﬁN ? networks, 1,1,3,5 tetraamino-
01/ \01 HzN/ \NH2 1-phospha-2,4,6-triazine
(Scheme 1).
CIYN\\(CI H)N N Ve According to database re-
| ? _ T \( search, this compound has not
NG 2N o NG 2N
/P\ AN been synthesized yet. First
Cl Cl H,N"  'NH

attempts to prepare this

Scheme 2.Top: synthesis of hexaaminocyclotriphosphazenenfro
hexachlorocyclotriphosphazene by reaction withidlggmmonia in an precursor by
autoclave according to [16]. Bottom: 1,1,3,5 teftamo-1-phospha- 1 1 3,5 tetrachloro-1-phospha-
2,4,6striazine as possible starting material for thetsgsis of 1,1,35 ~ '’
tetraamino-1-phospha-2,4s8riazine. 2.4 6s-triazine with ammonia

reaction of

(according to the synthesis of hexaaminocyclotrgpih@zene from hexachlorocyclotriphos-
phazen€®) led to the decomposition of the CNP ring and Isgbitherefore subsequent

condensation reactions. However, further experimadfusting reaction conditions or using
other amination reagents should allow for the sgsithof this promising precursor and enable

the preparation of crystalline C/N/P networks.
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7.  Appendix

7.1 Supporting Information

7.1.1 Supporting information for Chapter 4.3

Experimental Section

Photocatalysis. 1 mg mL* aqueous solutions of carbon nitride catalyst weepared and

dispersed with an ultrasonic bath for 30 min. Tagtolamine (TEOA) was used as a
sacrificial electron donor and,AtCk (8 wt% in HO) was used as the Pt co-catalyst precursor
which was photo-reduced during the reaction. Susipaa with 10 vol% TEOA and 6 pL
H.PtCk (2.3 wt% Pt) were illuminated in 24 mL glass vialsan argon atmosphere with
PTFE/Teflon septa. Samples were side-illuminateith \& 300 W Xenon lamp with a water
filter and dichroic mirror blocking wavelengths 20tnm. The evolved gas was measured by
gas chromatography with an online injection syssem using a thermal conductivity detector

with argon as carrier gas.

Synthesis of PTI/LICI according tdVirnhier et al®**? Dicyandiamide (0.20 g, 2.38 mmol)
and an eutectic mixture of lithium chloride (59.2If%, 0.90 g, 21.33 mmol) and potassium
chloride (40.8 mol%, 1.01 g, 14.70 mmol) were gebuiegether in a glovebox. The

reactionmixture was transferred into a dried thiadled silica glass tube {g 15 mm, g 11
mm). The tube was placed in a vertical tube furnaiceé heated under atmospheric argon
pressure at 6°C minto 400°C. This temperature was held for 12 h dteh@ards the sample
was cooled to room temperature at 20°C iafter this procedure, the tube was evacuated
and sealed at a length of 120 mm. In a secondtBeepmpoule was placed in a vertical tube

furnace and heated at 1°C o 600°C at which the sample was held for 24 heif
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cooling down to room temperature the ampoule wakdir and the sample was isolated and
washed with boiling water to remove residual s@lie resulting material PTI/LCI” was
obtained as a brown powder (80 mg, 50%).

Synthesis of aPTI using a modified procedure regbiyWirnhier et al'**5? Dicyandiamide
(2.00 g, 11.90 mmol) and an eutectic mixture dfilim chloride (59.2 mol%, 2.26 g, 53.56

mmol) and potassium chloride (40.8 mol%, 2.74 g889nmol) were ground together in a

glovebox. The reaction mixture was transferredgaroporcelain crucibles which were heated
either in an argon-purged tube- or muffel furnatel2°C min' to 400 — 600°C. The
temperature was held for 6 h and afterwards thepkmmwere cooled down to room
temperature. The samples were isolated and wasitedbwiling water to remove residual
salts. The resulting materials yielded beige (@,/88%) to yellow colored powders (0.30 g,
38%).1

Synthesis of doped amorphous PTI using a modifieztaglure reported bWirnhier et

al®+%? picyandiamide (0.50 g, 5.95 mmol), an eutectic tom& of lithium chloride (59.2
mol%) and potassium chloride (40.8 mol%) and 4ARI@gsing agent (2, 8, 16, 32 or 64%)
were ground and transferred in open porcelain blesj which were heated in a muffel
furnace at 400 — 600°C for 6 hours. The syntheselsled yellow (0.30 g, 75%) to dark
orange colored products (0.16 g, 40%).

@ Yields in percentage are based on crystallineditll can be considered as an approximate

value.

Synthesis of raw melon according $attler et al'*® A porcelain crucible was loaded with

melamine (20 g) and covered with a porcelain lige Trucible was placed in a muffle furnace
and maintained at 490°C for 4 days. The product gvasnd to a powder and homogenized

after the first day.

Synthesis of “g-C3N4” according tghanget al®™ A porcelain crucible was loaded with

dicyandiamide and heated in a muffle furnace at60@r 4 hours. The synthesis yielded a

yellow colored powder.
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Methods

X-ray powder diffractionX-ray powder diffraction experiments were carraad on a Huber

G670 diffractometer in Guinier geometry using Gd(thhonochromatized Cu-4-radiation
(A = 1.54051 A). The specimen was ground in a maatad evenly spread between two

chemplexfoils (Breitlanger GmbH).

IR-spectroscopy.FTIR spectra were recorded on a Perkin Elmer 3SpektBX II

spectrometer with an attenuated total reflectamie u

NMR-spectroscopy.The **C and *®N MAS NMR spectra were recorded at ambient

temperature on an Avance 500 solid-state NMR spewter (Bruker) with an external
magnetic field of 11.7 T, operating at frequen@&$00.1 MHz, 125.7 MHz and 50.7 MHz
for *H, 13C and™N, respectively. The sample was contained in a 42n® rotor which was
mounted in a standard double resonance MAS probekéB). The*C and™N chemical

shifts were referenced relative to TMS and nitrdraat.

The*H'*N and*H'3C cross-polarization (CP) MAS spectra were recomteal spinning speed
of 10 kHz using a ramped-amplitude (RAMP) CP puise’H, centered on the n = +1
Hartmann-Hahn condition, with a nutation frequemgy of 55 kHz {°N) and 40 kHz '¢C).

During a contact time of 7 ms thid RF field was linearly varied about 20%.

The N cross polarization combined with polarizationérsion (CPPI) NMR spectrum was
recorded at a spinning frequency of 6 kHz usingraact time of 7 ms and an inversion time
of 400 ps. Constant amplitude CP pulses were applie®N (vuu: = 55 kHz) andH (v = 50
kHz).

In all ®N NMR experiments, a flip-back (FBY pulse was applied ot after the acquisition
of the FID, so that the recycle delay becomesdegendent of théH T, relaxation time'H
continuous wave (CW) decoupling (ca 70 kHz RF jields applied during the acquisition of
the N signal. The recycle delay was set to 1.5 s. ABOEO0 and 121000 transients were

accumulated for the CP and CPPI experiments, ragpic

Diffuse reflectance measuremen@ptical diffuse reflectance spectra were colle@edoom

temperature with a UV/VIS diffuse reflectance spatieter (Varian, Cary 500). Powders
were prepared between two quartz discs at the efditiee integrating sphere with Bag@s
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the optical standard. Absorption spectra were ¢atled from the reflectance data with the

Kubelka-Munk function.

TEM. HRTEM was performed with a Philips CM 30 ST micoge (LaB cathode, 300 kV,
CS = 1.15 mm). Images were recorded with a CCD car{@atan) and Digital Micrograph
3.6.1 (Gatan) was used as evaluation software. €hémnalyses (EDX) were performed
with a Si/Li detector (Thermo Fisher, Noran Systeaven).

Adsorption measurementhlitrogen adsorption measurements were performét¥ & with

an Autosorb iQ instrument (Quantachrome InstrumeBynton Beach, Florida, USA).
Samples were outgassed in vacuum at 300°C for EAMBET calculations pressure ranges
were chosen with the help of the BET Assistanth@ ASiQwin software (version 2.0). In
accordance with the ISO recommendations multipBET tags equal or below the maximum

in V ¢ (1 — P/B) were chosen.

Quantum efficiency.The quantum efficiency was calculated accordm@QE% = (2xH)/P x

100/1, where H = number of evolved molecules and P = incident number of photons en th
sample. The incident light was measured with antlopile power meter with a constant
efficiency response across the visible spectrumvaléagth specific hydrogen evolution was
measured with 40 nm FWHM light filters (Thor late)d with the same incident light and
filter transmission efficiency for each filter.

Elemental analysi€lemental analysis of the elements C, H, N ansl&complished by high

temperature digestion coupled with dynamic gas amapts separation. The samples are
burned explosively at 1150°C in a highly oxygenaletium atmosphere. The combustion

products are C& H,O, Hy, NO, NG, SO, and SQ. The detection of the gases is done by a
thermal conductivity measurement cell. The accurad30 %. Measurements were done on
an Elementar vario EL. The determination of oxyg&s done under inert conditions at high

temperature (1200 — 1400°C).
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Table S1.Elemental analysis of aPTI synthesized air (myféelinert atmosphere (Ar-tube) at 400 — 600°C
compared to PTI/LCI" and melon. The arrow indicates an increasing @G ratio.

Sample Oven Temperature [°C] C [wt%] N [wt%] H [wt% ] C/N/H C/N

PTILi *CI”  tube 600 29.6 50.4 1.3 s@NaHis 0.68
melon  muffel 490 33.2 62.7 1.8 4NigHis 0.62
aPTlgec  muffel 400 26.9 46.6 28  {NagHs; 0.67
aPTlsec  muffel 450 27.1 46.6 3.0  NadHio 0.68
aPTlsoec  muffel 500 24.7 41.9 25  fNadHss 0.69
aPTlss:c  muffel 550 22.0 36.6 2.8  fNasHie 0.70
aPTlec  Ar-tube 400 27.9 50.8 3.2 s@uHi 0.64
aPTlsec  Ar-tube 450 21.6 36.5 26 s@sHiz 0.69
aPTlsoc  Ar-tube 500 25.9 43.8 2.4 @aHss 0.69
aPTlss-c  Ar-tube 550 26.5 45.3 20  @H.; 0.68
aPTlgoc  Ar-tube 600 26.8 45.4 21 @aH.s 0.69

Table S2.Elemental analysis of aPTI_4AP synthesized at-4600°C compared to PTIICI and melon. The
arrows indicate an increasing C/N atomic ratio.

Sample Temperature [°C] 4AP [%] C [wt%] N [wt%] H [ wt%] C/N/H C/N
PTI/Li *CI 600 0 29.6 50.4 1.3 NsH.g 068

melon 490 0 33.2 62.7 1.8  NsHio 0.62
aPTI_4AP;gy, 400 16 28.7 46.7 26  @NsHs, 072
aPTI_4AP;gy, 450 16 30.3 47.4 25  @NyHso 0.74
aPTI_4AP;gy, 500 16 29.8 46.3 24 @NyHe 0.75
aPTIl_4AP;gy, 550 16 30.5 435 26  NiHs, 0.82
aPTI_4AP;e,™ 550 16 30.1 422 29  NzHss 0.83
aPTl_4AP,y, 550 2 29.2 49.0 24 {NsH,o 0.69
aPTIl_4APgy, 550 8 29.8 48.3 23 dNsH,s 0.72
aPTI_4AP;gy, 550 16 30.5 435 26  fN3Hs, 0.82
aPTI_4APg5, 550 32 28.2 35.9 27  NaHs, 0.92
aPTIl_4APgg0, 550 64 35.5 36.8 26 @y Hg 1.13

[a] after illumination for 15 hours.
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20/° —se

Figure S1.PXRD patterns of aPTI_4AR, synthesized at 550°C, compared to crystalline IR, aPTkgoc
and melon. The reflections marked with an asterxassigned to artifacts caused by the plastic Eahgider.
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Figure S2.FTIR spectra of aPTI_4AR, synthesized at 550°C before and after 15 h illatidm, compared to
crystalline PTI/LICI™, aPTkgo-c and melon.
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Figure S3.FTIR spectra of aPTI synthesized at 400 — 600°0) iair and 2) inert atmosphere.
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Figure S4.FTIR spectra of aPTI_4AR, synthesized at 400 — 600°C.
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Figure S5.FTIR spectra of aPTI_4AR synthesized at 550°C.
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Figure S6.Left: N CP-MAS NMR spectrum of PTI/LCI™ (a) and &°N CPPI experiment with attenuation of
NH, signals (b). Right"*C CP-MAS NMR spectra recorded with 0.5 ms contiae
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Figure S7. UV/Vis diffuse reflectance absorption spectra &fTa synthesized at 400 — 600°C in 1) air
and 2) inert atmosphere compared to crystallinglP'TI".
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Figure S8.UV/Vis diffuse reflectance absorption spectra BT & 4AP, 49, Synthesized at 550°C.
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Figure S9.UV/Vis diffuse reflectance absorption spectra BT & 4AP;¢, Synthesized at 400 — 600°C.

melon
— PTI/Li'CI
aPTISOO,C
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Figure S10.UV/Vis diffuse reflectance absorption spectra BT& 4AP;¢, synthesized at 550°C, compared to
crystalline PTI/LICI', aPTI synthesized at 550°C and melon.
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Counts =—p

Figure S11.(1) A typical image of 2.3 wt% Pt-loaded aPTI_4Afer illumination for 3 h under visible light
(2> 420 nm), at higher magnification (top left) artd corresponding FFT (top right). The lattice pkne
correspond to elemental Pt. (2) The EDX spectrusaaiple location 2 is shown below.
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Synthesis of aPTI at elevated reaction temperat(588 — 600°C) under inert atmosphere
resulted in better photocatalytic activity of CNmm in air. On the other hand, synthesis at
lower temperatures (400 — 500°C) in air resultednerginally better photocatalytic activity

compared to inert atmosphere conditions (Figure.S12

1000 F W Muffel furnace

B Tube furnace

600
400

200

400°C 450°C 500°C 550°C 600°C

Figure S12. Photocatalytic activity of aPTl synthesized at 480 600°C in air (muffle furnace)
or argon atmosphere (tube furnace).

6000

5000

4000 |

3000 r
2000 r
1000
0 |

400°C 450°C 500°C 550°C 600°C

Produced hydrogen / umol h-tg1 —»

Figure S13.Photocatalytic activity towards hydrogen productid aPTI_4ARs, Synthesized at 400 — 600°C.
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Figure S14.Photocatalytic activity towards hydrogen producttd aPTI_4AR _ s40,Synthesized at 550°C.
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0 |
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Figure S15.Steady rate of hydrogen production from water aimiig various electron donors (triethylamine,
methanol, ethanol, triethanolamine TEoA; 10 vol%der visible light { > 420 nm) by 2.3 wt% Pt-loaded
aPTI_4AReq,
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7.1.2 Supporting information for Chapter 5.1
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Figure S1. Powder X-ray diffraction patterns 3¢-e Cu-K,, 3f: Mo-K,) of the

biuretooxophosphateda-f (top: experimental, bottom: simulated).
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Figure S2. Photoluminescence spectra (dashed
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Figure S3: TG (solid line) and DTA (dashed line) curves o# thlkali biuretooxophosphat@s (5.5 mg),3b
(18.1 mg),3c (20.8 mg),3d (18.6 mg),3e(29.8 mg), andf (34.1 mg), recorded with a heating rate of 5 K:hin
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7.1.3 Supporting Info for Chapter 5.2
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Figure S1.Powder X-ray diffraction patterns (Cuz# of 2a-c(top: experimental, bottom: simulated).
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7.4 CSD and CCDC numbers

Crystallographic data were deposited with the Cadlgler Crystallographic Data Centre
(CCDC, http://www.ccdc.cam.ac.uk/data_request/t#;Union Road, Cambridge CB2 1EZ,
UK (fax: +44-1223-336-033, e-Mail: deposit@ccdc.caruk) or the Fachinformations-
zentrum Karlsruhe (76344 Eggenstein-LeopoldshaBermany (fax: +49-7247-808-666, e-
mail: crysdata@fiz-karlsruhe.de) and are availatnlequoting the respective CSD/CCDC

depository numbers.

CsN11Ho-2H,0 CCDC-901046
[(C3aN3)2(NH,Li1)]-LiCl CSD-422088
Li[PO,(NH)3(CO),]-H,0 CCDC-854273
K[PO2(NH)3(CO),] CCDC-854274
Rb[PQy(NH)3(CO),]-0.5H,0 CCDC-854276
Cs[PQ(NH)3(CO),] CCDC-854275
Ca[PQ(NH)3(CO)2 CCDC-857517
Na[POQ(NHCONH,)] CSD-424129
K[PO,(NHCONH,)] CSD-424130
Rb[PG(NHCONH,)] CSD-424131
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7.5

2D

4AP

a.u.

calcd.

CCD

CCDC

cf.

CN

CP

CPPI

CSD

CVvD

DFT

DOS

DTA

EA

EELS

e.g.

List of Abbreviations

two-dimensional
4-amino-2,6-dihydroxypyrimidine
Angstrom

arbitrary units

calculated

charge coupled device
Crystallographic Data Centre
confer

carbon nitride

cross polarization
cross-polarization with polarization inversi
Cambridge Structural Database
chemical vapor deposition

density functional theory

density of states

differential thermal analysis
elemental analysis

electron energy-loss spectroscopy

exempli gratiafor example
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etal.
eV

Fe

Fo

FT
-GNy

GOF / GooF

HOMO
ICP-AES
IPDS
IR

M

MAS
NMR
no.
PTI/LICI
PVD
Ref.
RXES
TEM

TEOA

et alii, and others
electron volt
calculated structure factor
observed structure factor
Fourier transformation
graphitic GN4
goodness of fit
hour
highest occupied molecule orbital
inductively coupled plasma — atomic enoisspectroscopy
imaging plate diffraction system
infrared
molar
magic angle spinning
nuclear magnetic resonance
number
poly(triazine imide) with LiCl interacaten
physical vapor deposition
reference
resonant X-ray emission spectroscopy
transmission electron microscope

triethanolamine
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TEY / TFY

TG

uv

VEELS

XANES

XAS | XES

XRD

Z

ZLP

total electron / fluorescence yield
thermogravimetry

ultra violet

valence electron energy-loss spectroscopy
X-ray absorption near edge structure
X-ray absorption / emission spectroscopy
X-ray diffraction

formula units per unit cell

zero-loss peak
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